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Al Parameter defined by Equation 2.54 
A2 Parameter defined by Equation 2.55 
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A Flow area M2 
Ag Flow area of gas M2 
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B Chisholm B parameter 
C Chisholm C parameter 
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CM Momentum correction factor 
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E, Parameter defined by Equation 2.70 
E2 Parameter defined by Equation 2.71 
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F Frictional energy loss per unit mass Jkg-' 
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9 Gravitational constant, 9.81 ms -2 
G Massflow rate/unit area kg/m2s 
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Gi Mass flow rate/unit area of liquid kg/m2s 
G1, Mass flow rate/unit area of the liquid entrained kg/m2s 
Gif Massflow rate/unit area of the liquid film k g/M 
2S 
h, Head loss M. 
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4, Initial intensity of gamma radiation Counts s"' 
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Intensity of gamma radiation passing through the tube ftill Counts s 
of liquid 
19 Intensity of gamma radiation passing through the tube full Counts s-1 
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Momentum flux NIM 2 
Kr Loss coefficient Equation 6.5 
k Slip ratio 
L Length m 
M Mass flow rate kgs" 
Ma Mach number 
Mg Mass flow rate of gas kgsý' 
M1 Mass flow rate of liquid kgs"' 
n Flow behaviour index 
P Pressure N/M2 
Q Volume flow rate MI/s 
Q9 Volume flow rate of gas MI/s 
Q1 Volume flow rate of liquid MI/S 
R Dimensional entrainment parameter Equation 2.47 
R. Radius M 
Re Reynolds number 
S Pipe perimeter M. 
S Diameter ratio Equation 2.26 
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ua Average velocity m/s 
UP Superficial velocity of the gas M/S 
119 Gas velocity m/s 
u9j Drift velocity of the gas relative to the mean fluid velocity m/s 
III Liquid velocity m/s 
Ills Superficial velocity of the liquid M/S 
Drift velocity of the liquid relative to the mean fluid ms'l 
velocity 
V Specific volume In 
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VC Specific volume of core m3/kg 
xxii 
V9 Specific volume of gas m3/kg 
V9 Specific volume of liquid m3/kg 
VM Specific volume of mixture m3/kg 
We Weber number 
X Quality (by mass) 
X Martinelli parameter 
Greek Letters 
a Kinetic energy correction factor 
a Void fraction 
Liquid fraction 
Loss coefficient 
Physical property parameter, Equation 7.22 
Isentropic index of air 
8 Liquid film thickness m 
8ý Non-dimensional liquid film thickness 
C Energy 
99 Viscosity of gas N s/m2 
[th Homogeneous viscosity N s/m2 
91 Viscosity of liquid N shn2 
P Density kg/m3 
Ph Homogeneous density k g/M3 
PI Density of liquid kg/m3 
Pg Density of gas kg/m3 
a Surface tension N/m 
ag Mass attenuation coefficient for gas 
xxiii 
CrI Mass attenuation coefficient for liquid 
at Mass attenuation coefficient for pipe 
T stress 
TW Wall shear stress 
ý2 Two-phase multiplier 
92 Two-phase multiplier, gas single-phase flow, gas mass 
flux of Gx 
90 
2 Two-phase multiplier, gas single-phase flow, gas mass 
flux of G 
ýI 2 Two-phase multiplier, liquid single-phase flow, liquid 
mass flux of G(I-x) 
ý10 2 Two-phase multiplier, liquid single-phase flow, liquid 
mass flux of G 
























This study examines those issues peculiar to two-phase flows where the 
viscosity of the liquid phase is considerably higher than that of water. Flows of this kind 
are prevalent in industry. A particular instance has been identified in the emergency 
venting of polymerisation reactors. During the manufacture of styrene, for example, 
under blow down conditions a highly viscous two-phase flow occurs. The safe passage 
of this two-phase mixture from the reactor vessel to a holding tank relies on the 
application of appropriate design criteria. Due to an absence in the literature of 
conclusive studies in this area, there exists an element of uncertainty in this design and 
the selection of suitable components for associated emergency relief systems. 
The behaviour of single-phase flows in pipes and pipeline components has been 
extensively investigated. With respect to highly viscous single-phase flows the literature 
is evidently deficient although some standard pipe line components have been 
investigated. An even greater deficiency exists with regard to highly-viscous two-phase 
flows in pipes. No data were found for highly viscous two-phase flows in standard 
pipeline components. As there is little, or in some cases no, highly viscous data, the 
empirical verification of models is not possible. Some authors have addressed specific 
issues relating to highly viscous flows but these are either very narrow in their 
application or the viscosity range is limited. No current publication provides a thorough 
review of existing correlations with respect to highly viscous flows. 
A fundamental requirement of this work was the acquisition of highly viscous 
single-phase and two-phase data. This was achieved through the design and construction 
of a purpose built test facility. Data obtained from this test facility was used to evaluate 
the performance of current design methods and models. Evaluations made against 
experimental data allowed the formulation of recommendations with regard to the most 
reliable models to employ and the accuracy with which highly viscous flows can be 
predicted. It is envisaged that the application of these recommendations will improve 
the certainty with which highly viscous pipeline systems can be designed. 
Chapter 2 presents a detailed review of the literature. The design methodology 
and test facility are described in Chapter 3. Chapter 4 provides a detailed description of 
the instrumentation installed in the test facility and the corresponding calibration 
procedures. Experimental procedures, techniques for data processing and 
commissioning tests are described in Chapter 5. Chapter 6 presents a synopsis of all test 
data. In Chapter 7 test data are analysed and comparisons are made with models taken 





A two-phase mixture is the combination of two of three possible phases; solid, 
liquid and gas. For this study the simultaneous flow of a gas and liquid under adiabatic 
conditions is investigated i. e., there is negligible change of phase of either one of the 
components through evaporation or condensing. In spite of this simplification, the two- 
phase flows remain complex. The two major contributors to their complexity are; 
i. The large number of influential variables that need to be considered in an analysis 
of a two-phase system e. g., mass flow rate, mass ratio of components, surface 
tension and the density and viscosity of each phase. 
I The continually changing boundary between the phases, the shape and distribution 
of which has a major effect on the flow characteristics of the mixture. 
This latter characteristic, the defonnability of the gas-liquid interface, gives rise 
to the distinguishable patterns or flow regimes of two-phase flows. Much work has been 
done to categorise these regimes with the results usually presented as flow pattern maps. 
These results allow the application of regime dependant flow models. Difficulties in this 
approach arise due to the wnbiguous nature of the transition zones that are used to 
distinguish between flow regimes. 
The methods used by two-phase investigators to develop flow models loosely 
fall into three categories, Hewitt [1] (1982). 
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The Em irical Approach: Correlating equations are fitted to experimental data. 
This approach can produce convenient design relationships that can be applied 
independently of flow pattern, e. g. the C parameter method of Chisholm [2] (1967). 
The A nalylical Approach: Starting from first principles, local instantaneous 
equations are constructed to describe phase and interface conditions. Resulting in 
relationships which are more systematic and rigorous than those derived using an 
empirical approach. 'Mese models require more knowledge of flow parameters and are 
flow pattern dependent, e. g. drift flux model as described by Wallis [3] (1969). 
The Phenomenological Approach: Ilis requires a greater understanding of the 
interfacial distribution and other occurring phenomena to be obtained and is therefore 
flow pattern dependent. The more in depth the knowledge, the better the phenomena are 
described using theoretical and semi-theoretical models. 
Development in measuring techniques has enabled two-phase investigators to 
define correlations based on relatively easily measured parameters. A good example of 
this is void fraction, the knowledge of which is key to various pressure drop correlations 
and as a result many experimental methods for measuring and correlating equations for 
predicting the void fraction have been developed. 
Pressure drop prediction is of primary interest in many two-phase applications. 
Certain two-phase models have received more attention than others due either to the 
case of application or to their general applicability. The two most dominant arc the 
homogeneous and separated flow models, both of which make simplifying assumptions 
to reduce the complexity of the analysis. More sophisticated models have also emerged 
which try and capture the more complex relationships encountered in gas-liquid 
systems. 
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Due to differing approaches of investigators, the varied applications of two- 
phase flows, its inherent complexities, and experimental variations such as orientation, 
pipe size, and viscosity, a large number of publications have been generated. This extent 
of literature, even accepting variations in experimental practice, has in its self added 
confusion to an already difficult subject. Recent work has focused on assessing the 
effectiveness and applicability of existing methods. With out such reviews it would 
prove difficult to confidently apply two-phase methods, Simpson et al [4] (1987) 
The focus of this review is to highlight the significant developments in two- 
phase flow, with particular reference to the annular flow regime, then extract 
correlations and models that contribute and improve modelling of highly-viscous gas- 
liquid flows. The review begins by examining the relevant aspects of single-phase flows 
and then the basics of two-phase flow, there by giving access to the more difficult 
concepts and correlations. The most relevant correlations and applicable two-phase 
models are identified and reviewed. 
2.2 Single-Phase Flow 
The major complication of a single-phase flow is the existence of the two 
distinct behaviours or flow regimes, laminar and turbulent. The implication of these 
flow regimes has been thoroughly investigated in the literature and so long as the flow 
regime of a liquid is established, appropriate frictional relationships can be used to great 
effect. The prevalence of a turbulent or larninar flow regime in a single-phase flow is 
determined from the Reynolds number. Pipe flows of low Reynolds number, less than 
2000, are laminar in nature, between 2000 and 10,000 there exists a transition zone, and 
flows above 10,000 flows are fully turbulent. In a straight length of pipe the transition 
will be a strong factor of the roughness of the pipe wall. In a pipeline component the 
transition zone is strongly dependent on geometry. The more involved and abrupt the 
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geometry of a pipeline component the lower the Reynolds number at which turbulent 
flow will occur. 
2.2.1 Flow in Pipes 
Fluid flowing in a pipe is understood to move in streams, for an early example 
see Johansen [5] (1930). The layer of fluid immediately in contact with the pipe wall is 
stationary and the fluid stream in the pipe centre travels with the greatest velocity. If the 
velocity of each stream of a fluid flowing in a pipe was measured, the velocity would be 
found to increase from a minimum, at the pipe wall, to a maximum, at the pipe centre. 
The velocity profile of the fluid streams is different for turbulent and laminar flows. 'Me 
turbulent velocity profile is flat and shallow where as the laminar velocity profile is far 
more parabolic and consequently has a far greater effect on the application of 
momentum and energy balances. The normal practice is to use an average fluid velocity 
to represent all fluid velocities present in a flow and then compensate for the effect of 
the velocity profile by using momentum and energy correction factors. 
The difference between turbulent and laminar velocity profiles is illustrated by 
the difference in magnitude of their corresponding momentum and kinetic energy 
correction factors that are found in the literature. The momentum correction factor for a 
turbulent flow is 1.02 compared to 1.33 for laminar flow. The kinetic energy correction 
factor for turbulent flow is 1.058, compared to 2 for larninar flow. 
The losses incurred by the movement of a fluid in a pipeline system are due to 
pipe friction or form losses from geometry change. 
The reported settling length for a turbulent flow, the distance required before the 
turbulent velocity profile is fully established, is approximately 30 pipe diameters. The 
Blasius correlation is used to relate the friction factorf, to the Reynolds number, Re 
thus; 
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0.079 ReY4 (2.1) 
For a straight pipe of length, L, and diameter, D, the head loss of a flow travelling with 
an average velocity, %, is given by Darcys'forinula; 
2 4JL Uov 
D 2g 
(2.2) 
The reported settling length for laminar flow is proportional to the Reynolds 
number. In comparison to turbulent flows the settling length for laminar flows is far less 
at low Reynolds number and far greater at high Reynolds number. A laminar flow will 
require a settling length of typically 100 pipe diameters to fully develop close to 
transition. In the case of high viscosity liquids this will result in flows of low Reynolds 
number requiring only short settling lengths to fully develop. The friction factor of a 
laminar flow is wholly dependent on the Reynolds number and is independent of the 
pipe wall rouglmess, allowing Poiseulies' formula to be used to give an explicit solution 
for the Darcys'forrnula, Equation 2.2, thus; 
16 
A 8AQ 
Re P= fir 4 
(2.3) 
Since the Reynolds number is dependent on viscosity, a highly viscous flow 
will remain in the laminar flow regime long after a low viscosity flow of an equivalent 
mass flow rate. This is because the disruption to the flow streams in a fluid, normally 
caused by component geometry and surface roughness, which lead to turbulent flow 
requires a greater dynamic force to overcome the retarding effects that viscosity has on 
the inertia of the fluid. 
2.2.2 Flow in Pipeline Components 
When a pipeline component is included in the flow path of a fluid, additional 
energy losses are incurred. These additional energy losses are due to the geometry of the 
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pipeline component and can involve abrupt changes in direction, contractions and 
expansions, and non-uniform sections. The losses incurred due to the movement of the 
fluid inside the component are summed with losses induced in the upstream and 
downstream pipes to give the total energy losses. 
Several approaches have been made to standardise the procedure for calculating 
the energy loss associated with pipeline components. Ile not so widely used equivalent 
length method introduces a hypothetical length of pipe to represent the total loss of the 
component. A major disadvantage of this method for turbulent flows is its reliance on 
the Reynolds number and consequently the relative roughness of the pipe wall. The 
implication being that the energy loss becomes dependent on the pipe wall friction 
factor used to determine the equivalent length. This is not a disadvantage when applying 
this method to laminar flows since the friction factor does not need to be considered. 
Kitteredge & Rowley [6] (1957) improved on the equivalent length method by 
presenting what they call the no-length friction coefficient, compensating for the 
tendency of the equivalent length method to over predict the pressure drop for laminar 
flows. 
A more common approach for calculating losses due to pipeline components is 
to use a loss coefficient, 0, specific to every fitting. The energy loss, c, attributable to a 
pipeline component with a loss coefficient, P, is given by; 
2 
8 UO (2.4) 
2 
Turbulent flows loss coefficients are predominantly a function of the fitting 
geometry and as a result the literature provides theoretical solutions and correlations for 
turbulent flows. However loss coefficients in the laminar regime are far less available. 
This is because the velocity profile is critical in detennining kinetic energy and 
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momentum forces present in a fluid and the inability to fully ascertain velocity 
distributions through pipeline restriction makes the theoretical calculation of laminar 
loss coefficients much more difficult. The determination of energy losses through 
pipeline components for low Reynolds number flows is achieved by using empirically 
derived coefficients. Technically all instances of laminar flow can be theoretically 
resolved by solving the Navier-Stokes Equations, although this is not always practical. 
Several investigators have detennined loss coefficients for a range of standard 
pipe fittings. Hooper [7] (198 1) and Hooper [8] (198 8) correlation employs a two-k 
method to accommodate a range of component sizes for Reynolds numbers of I 










The correlation for an abrupt enlargement is given as; 
P=2 1 (2.6) T4 
And for a globe valve, Hooper [7] gives the correlation; 
1500 
+4 (2.7) Re 
Kitteridge & Rowley [6] (1957) determined loss coefficients for a number of 
standard fittings over the range of Reynolds numbers approximately 20 to a 1000. Two 
test fluids were used, kerosene and SAE 10 oil, viscosities of 1.63 and 33 m Pas 
respectively. The fittings were tested on a 12.7 mm. diameter pipe system. 
AM et al [9] 1978 conducted experiments on orifice plates and nozzles using a 
54 mm diameter pipe system. Four oils having viscosities of 10.5,20 100 and 3 50 CS 
were used allowing loss coefficients to be determined over a Reynolds number range of 
I to 10000. 
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Edwards et al [10] 1985 determined loss coefficients for a number of standard 
fittings for pipe diameter ranging from 12.7 nun to 50.8 nun. To achieve a range of 
Reynolds numbers from 0.1 through to 1000 several test liquids were used. These 
included Newtonian fluids glycerol-water, viscosity range I 10 to 5 80 mPas and lub oil, 
viscosity 251 mPas. They also included non-Newtonian fluids CMC-water and china 
clay-water. 
Banneýee et al [11] (1969) produced general correlations to predict frictional 
pressure drop across a 12.7 mm globe valve in the horizontal flow plane for laminar 
flows. A solution of sodium salt of carboxymethy1cellulose was used to provide four 
tests liquids with viscosities of 14,122,342 and 711 m Pas. If the mtio of opening to the 
full opening of a globe valve is, ý, then the pressure loss is correlated by; 
AP 
= 8.266Re-o-"' q-0.797 (2.8) 
PU 
2 
A review by McNeil & Morris [12] (1994) reported discrepancies that occur 
when comparing the theoretical correlations of Hooper [7] (198 1) and Hooper [8] 
(1988) to empirically derived loss coefficients. Agreement between theory and data was 
described as poor for abrupt enlargements and orifice plates. However the data of 
Edwards et al [10] for the 25.4 mm globe valve was reasonably well represented by the 
Hooper [7] correlation. 
The laminar flow work of AM et al [9] 1978, Edwards et al [10], and Kitteridge 
& Rowley [6] all demonstrate that above some critical value of Reynolds number the 
loss coefficient is wholly dependent on the geometry of the restriction. And that below 
this critical value the loss coefficient is strongly dependent on the Reynolds number. 
Edwards et al [10] reported on the critical Reynolds number for several fittings. For a 
25.5 mm diameter globe valve the critical Reynolds number was observed to be around 
10 
10. Above this value the loss coefficient was 25.4 and below it the loss coefficient was 
correlated by; 
p= 384/Re Re < 10 (2.9) 
For an abrupt enlargement of diameter ratio 2.18, Edwards et al [10] found the critical 
Reynolds number to be around 250. Above this value the loss coefficient was 0.62 and 
below it the correlation for the loss coefficient is given as; 
fi = 150/Re Re < 250 (2.10) 
Using an orifice plate with a diameter ratio Of 0.577, Edwards et al [10] found the 
critical Reynolds number to be around 60. Below this Reynolds number the correlation 
given for the loss coefficient is; 
154/Re Re < 60 (2.11) 
Edwards et al [10] and AM et al [9] both reported that for orifice plates the 
critical Reynolds number was also a function of the diameter ratio. 
A study by Kitteridge & Rowley [6] using 12.7 mm. diameter 'Composition' 
globe valve showed that the critical Reynolds number was around 350. Below the 
critical Reynolds number the loss coefficient for the globe valve was correlated by; 
p= C/Re" Re < 350 (2.12) 
where constants C and n are 203 and 0.5 respectively. 
The existence of a critical Reynolds number in the laminar flow regime was 
confirmed by a recent study by McNeil et al [ 13 ] (1999) on viscous flow through 
contractions. A Luviskol K90 solution was used to explore the discharge behaviours of 
low Reynolds numbers. It was concluded that between Reynolds numbers of 50 to 200 
there is a transition zone, where both viscous and inertia forces must be considered. Ibis 
is in keeping with the review of McNeil & Morris [ 12] who advised the treatment of 
loss coefficients for laminar flows to be in terms of a low Reynolds number range and 
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higher Reynolds number range. Thus accommodating loss coefficients derived when the 
losses are dominated by either the viscous or inertia-driven forces. 
The dependency of loss coefficients derived at low Reynolds numbers on the 
Reynolds number is due to the presence of molecular friction fluid losses. These viscous 
losses, generated as the fluid passes through the non-uniform sections of the pipeline 
component, are not inconsiderable compared to form losses and are the dominant cause 
of energy loss at very low Reynolds numbers. McNeil [14] (1998) has published a 
model that predicts the behaviour of highly viscous flows through an abrupt 
enlargement. Tle difficulties associated with modelling laminar flows were tackled by 
treating the flow as having two distinct streams, a core and an annulus stream. This 
allowed the momentum and kinetic energy stored in the velocity distributions of the 
fluid flow to be represented by altering the relative area of one stream to another. By 
treating an abrupt enlargement as consisting of two parts, a gradual expansion and a 
settling length, the variations in momentum and kinetic energy that occur as a flow 
proceeds through an expansion are mirrored. This is a simplistic model but its 
application is of importance as the energy loss mechanisms that occur in an abrupt 
enlargement occur in many other pipeline fittings. 
2.23 Summary 
Single-phase flow of fluids in pipes is well understood. Easily applied solutions 
derived from energy and momentum balances exist for a fully developed flow. The 
application of theoretical solutions is linked to a single distinguishing factor, the 
Reynolds number, which is an indication of the nature of the flow, either laminar or 
turbulent. Single-phase flows are in reality two-dimensional, the velocity of the flow 
across any given section is not constant. 
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Momentum and energy correction factors determined for turbulent flows are of 
little consequence due to the shallow nature of the turbulent velocity profile. This is not 
the same for laminar flows where the far more pronounced velocity profile is of major 
consideration. As it is difficult to predict the velocity distribution of flow in pipeline 
components investigators employ empirical loss coefficients when evaluating energy 
losses incurred by pipeline components. Loss coefficients for turbulent flows are well 
established because they are singularly dependent on the geometry of the pipeline 
component. 
The determination of loss coefficients for high viscosity low Reynolds number 
flows is less certain. The velocity profile of a laminar flow is more influential than that 
of the turbulent flow and this coupled with the effects of large viscous forces causes 
losses to become a strong function of the Reynolds number. The loss coefficient of a 
pipeline component is a function of the Reynolds number and geometry below a critical 
Reynolds number. Above this critical Reynolds number the loss coefficient is geometry 
dependent only, even though the flow may still be in the laminar flow regime. 
Treatment in the literature of the behaviour of low Reynolds number flows 
through pipeline components has not been exhaustive. A deficiency exists in provision 
of loss coefficients for standard fittings subjected to high viscosity flows. Single-phase 
loss coefficients are important in the study of two-phase flows, as the prediction of 
single-phase losses is frequently used as a basis for the prediction of two-phase losses. 
The lack of existing knowledge necessitates the empirical determination of single-phase 
loss coefficients for any pipeline components under consideration in this study. 
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2.3 Two-Phase Flow Terminology 
A major complexity in two-phase flow is the many parameters required to define 
the simultaneous flow of two fluids. The terminology has been further complicated by 
the increasing number of differing methods and correlations that add more definitions. 
A reasonable well accepted approach is to make a distinction between liquid and gas 
properties using the subscripts I and g respectively. This method is advantageous when 
analysis requires not only individual phase properties to be considered but also 
properties of the two phases acting together e. g., mixture properties. 
If the total mass flow rate of a two-phase flow in a pipe is M, then using the 
above notation, the liquid mass flow rate is MI and the gas mass flow rate is Mg. The gas 




The velocity at which a phase would flow if it were to flow alone in a pipe is 
called the superficial velocity. The specific volume of a phase, vi, can be used to 
calculate the superficial velocity, uis, from the phase mass flow rate for a total flow area 
of, A, using; 
Uis = 
Min 
I org A 
The mass flux, G, of each phase is calculated by dividing the phase mass flow 
rate by the total flow area. If the definition of mass flux is used in Equation 2.14 then 
the superficial velocities become; 
u,,, = Gy, (2.15) 
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The ratio between the actual average gas and liquid phase velocities, not the 




If the volume flow of each phase entering a pipe is known, the volume fmction 
at any given point within the pipe is not necessarily known. When the phases differ in 
density and/or viscosity, a velocity difference is generated as one phase slips past the 
other i. e., slip ratio. The 'slip' leads to a change in the cross sectional area occupied by 
each phase relative to what would be determined using their volume flow rates. The 
'holdup' or void fraction is the fraction of a pipe cross section occupied by the gas 




As the ftill cross section must be entirely occupied by the two-phase flow the 





Mass continuity allows the mass flow rate for the gas and liquid phases to be written as; 
mg - 




Equation 2.16 gives the definition of the slip ratio and combining this with the above 
definitions for the mass flow rate of each phase and with the Equation 2.13 gives; 
x=ak vl (2.20) 
I-x I-a vg 
Allowing the void fraction to be written as; 
XV9 (2.21) 
x vg + k(l - x)tý 
15 
The void fraction and slip ratio are interrelated, knowledge of the void fraction allows 
the slip ratio to be determined and vice-versa. 
Once the proportions of the cross-section occupied by each phase have been 
established an effective mixture specific volume, v., can be determined from; 





2.4 Gas-Liquid Flow Regimes and Transitions 
Some two-phase flow models are flow pattern dependent. It is therefore 
necessary to specify the flow regime either by transition criteria or flow map. 
2.4.1 Flow Regimes 
The interaction leading to separation and dispersion of two phases flowing 
(2.22) 
together in a pipe has been a starting point for many investigations. By simply visually 
observing a two-phase flow through a transparent section, the effects of the dominant 
forces can be seen to perpetuate distinctive patterns. For many applications it is 
sufficient to describe regimes using the most commonly recognised patterns for which 
there are six for horizontal flows and four for vertical flows, see Orkiszewski [ 15] 
(1967), Delhaye et al [ 16] (198 1) and Whalley [ 17] (1987). In addition to the four main 
patterns for vertical flow some authors define a further two, Calvert & Williams [ 18] 
(1955), Govier et al [19] (1957) and Oshinowo & Charles [20] (1974). 
The main flow patterns encountered in two-phase flows are separated by 
periods of transition which are more difficult to classify. Authors have attempted to 
define all the intermediate stages of two-phase flow regimes. For horizontal flows 
Wong & Yau [21] (1997) defined 16 and Spedding & Nguyen [22] (1979) defined 13 
distinguishable flow patterns. Similarly with vertical flows, the number of regimes 
16 
discernible has been expanded beyond six. In comparison with horizontal flows there 
are less observable regimes in vertical flows. This is because horizontal flows are 
subjected to stratification owing to gravitational effects on the flow distribution. 
The flow patterns of interest to this study are the four major flow patterns 
commonly used to describe vertical flow regimes and are shown in Figure 2.1. These 
are bubbly, slug, churn and annularflow. It is normal to investigate these flow regimes 
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Figure 2.1: Flow patterns in vertical flow. 
by supplying a constant flow rate of liquid and then gradually increase the gas mass 
flow rate. When this procedure is followed the following observations can readily be 
made; 
1. At low qualities, when the flow is predominantly liquid, bubblyflow occurs. The 
gas rises through the liquid in the form of small bubbles. These bubbles are of 
approximately uniform size due to the force of surface tension. 
II. As the gas velocity is increased, the small bubbles get closer together and collide 
more frequently. These collisions result in the bubbles coalescing to form bullet- 
shaped slugs, or 'Taylor' bubbles, characteristic of slugflow. 'Me thin liquid 
film surrounding these bullet-shaped slugs tends to flow counter currently as the 
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slugs rise up through the liquid. With ftu-ther increases of the gas flow the 
diameter of bullet shaped slugs will progressively approach that of the pipe. 
III. Churnflow occurs as the velocity of the large slugs of gas increases and they 
become unstable and break down, giving way to an oscillatory motion of the 
bubbles. The process involved in the transition from slug flow to chum flow is 
highly complex and in depth classifications of this regime are given by Jayanti 
& Hewitt [23] (1992), Jayanti et al [24] (1993), and a follow up communication 
Hewitt & Jayanti [25] (1993). 
IV. At a high enough velocity, the gas is able to continuously support the liquid as a 
film on the walls of the pipe while occupying the central core. This is Annular 
flow and although the boundary of the two phases is strongly defined, small 
droplets of liquid are often entrained in the central gas core. According to Govier 
et al [19] (1957) and Wallis [3] (1969), under certain conditions, i. e., sufficiently 
high gas rates, the number of water droplets entrained in the gas core will result 
in the complete removal of the liquid film, creating a fine mist. Tle complete 
dispersion of the liquid phase in the gas phase cannot happen in an adiabatic 
system, Hewitt & Hall-Taylor [26] (1970). 
A regime which has been reported but is more difficult to qualify is 'froth flow'. This 
regime occurs at transition from chum flow to annular flow and is not unrelated to what 
Hewitt & Hall-Taylor [26] call 'wispy-annular flow'. Froth flow is not readily 
recognised as it is difficult to distinguish from chum flow. Wispy-annular can occur on 
flows involving high mass fluxes. It is named after the liquid drops which lump together 
in the gas core fonning 'wisps' or 'fingers'. An up todate study of wispy-annular flow is 
given by Hawkes et al [27] (2000). 
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The four flow regimes defined above are adequate to describe vertical 
isothermal flows for the majority of applications. The situation is more complex when 
evaporation and condensation influences the behaviour of a two-phase flow. 
2.4.2 Flow Pattern Maps 
Some of the earliest two-phase publications were by investigators attempting to 
define all possible gas-liquid interactions and their governing parameters. The approach 
that was most widely adopted was the use of flow pattem maps to classify the flow 
regimes that occurred under two-phase flow conditions. A flow pattern map is a graph 
separated into areas corresponding to the various flow pattems. 
A sketch of the Taitel & Dukler [28] (1976) flow pattern map for vertical flow in 
a 50mm diameter tube is shown in Figure 2.2. The bold lines indicate the transition 
zones between the more commonly recognised flow regimes and the labelled regions 
correspond to the flow regimes described above and depicted in Figure 2.1. The broken 
lines represent the transition from a slug flow to annular flow i. e., chum flow. The onset 
of chum flow is related to the pipe diameter and this has been indicated by the series of 
broken lines on the flow pattern map. The bold transition lines could be misinterpreted 
as indicating a sudden transition from one flow regime to another. In reality the 
transition between regimes is gradual and a more accurate portrayal would be to use 
much broader boundaries. 
Despite the many attempts that have been made, no single method of deriving 
mapping parameters or flow pattern map has received universal acceptance, Spedding et 
al [29] (1998). This is because the interpretation of the different flow regimes is 
subjective. Consequently there is varying opinion on the appropriate mapping 
parameters to employ, see Whalley [17] and Mukhedee & Brill [301 (1985). Difficulties 
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Figure 2.2: Flow pattern map for vertical flow, Taitel & Dukler [28] 
The visual method of characterising flow patterns has been linked to other 
indicators. Govier et al [ 19] related pressure gradient to flow pattern, working on the 
basis that a systematic change in gas or liquid flow rate should coincide with a flow 
pattern change. Like many experimental correlations, this approach was only valid for 
systems operating with near to, or the same conditions as the originating experimental 
work. It was obvious to investigators that it would be advantageous to derive theoretical 
indicators as they could be applied generally. Taitel et al [311 (1976) and later Mishima 
& Ishi [32] (1984) attempted to do this by providing a theoretical basis for each region 
of transition. The Taitel theory gave reasonable agreement with air-water data but the 
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method has been criticised by Spedding et al [29] for being pipe diameter dependent 
and therefore semi-empirical in nature. 
In addition to photographic techniques to improve the visual method of 
detecting flow patterns, other specialist instrumentation has been developed. Jones & 
Zuber [33] (1975) utilised a linearised X-ray void measurement system. This technique 
had the added advantage of being able to distinguish flow patterns in opaque pipes and 
was applied to both vertical and horizontal systems. Although successfill in identifying 
the major flow regimes, this method became a subjective exercise when determining the 
subgroups and interceding transitions and it also incurred high operating costs. 
Legius et al [34] (1998) have employed advanced modelling techniques to marry 
quantitative measurements with visual observations. Using an Auto-Regressing 
modelling technique, an accurate method to differentiate between transitions and 
established flow regimes was devised. This method is advantageous as it provides a 
mapping system that is independent of the original experimental conditions. However, 
the technique is complex and employs a flow intrusive probe. 
The most frequently used sets of parameters for mapping flow patterns are the 
total mass flux, quality, the superficial velocities and superficial momentum. More 
recent authors have explored the use of other mapping parameters, for instance, Mishma 
& Ishi [32] employed void fraction as a less complex alternative. Non-dimensional 
groups have been used, see Weisemen & Kang [35] (1981). 
The majority of flow pattern maps in the literature deal with either vertical or 
horizontal pipe orientations. Far more pattern data exist for horizontal flows than for 
vertical flows. One of the few flow maps for vertical flow, recommended by Whalley 
[17] and Hewitt [36] (1987), is that of Hewitt & Roberts [37] (1969). The map, plotted 
in terms of superficial momentum fluxes, is applicable to air-water flows in small pipe 
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diameters for a wide range of pressures. Authors have attempted to provide as thorough 
investigations for inclined flows as exist for vertical and horizontal flow pattern maps. 
Weisman & Kang [351 proposed a dimensionless correlation for inclined flows, Barnea 
et al [38] (1980) provide further experimental measurements to validate earlier work 
and Mukheýee & Brill [30] present new transition equations and compare them to 
existing ones. 
Flow pattern studies by definition deal with the full scope of encountered flow 
regimes. Some two-phase phenomena peculiar to certain flow regimes and associated 
transitions have proved important enough to merit individual investigation. For Slug 
flow, see Griffith & Wallis [391 (1961) and Bilicki & Kestin [40] (1987) and for bubbly 
to slug flow see Tutu [41] (1984). 
2.43 Viscous Effects on Flow Patterns 
A recent study by Furukawa & Fukano [421 (2001) investigated the effect of 
liquid viscosity on the flow patterns of a vertical flow. An aqueous glycerol test solution 
was used with the viscosity varying between I and 15 mPas. Comparisons were made 
with existing flow maps. Although devised for horizontal flow, the flow pattern map of 
Baker [43] (1954) correlated comparatively well with viscous data in the froth annular 
regions but boundaries of bubble and slug flow regimes did not. Whalley [ 17] also 
suggests that the Baker map is a reasonable representation of oil-gas mixtures in pipes 
of less than 50 mm diameter. 
Troniewski & Spisak [441 (1987) studied the vertical down flow of an air- 
mineral oil system. A glass test length of 2m was used with internal diameters of 10,15 
and 25 mm. The liquid viscosity was temperature controlled over the range of 180 to 
7700 mPas. The study describes eight distinctive flow patterns and concludes that 
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viscosity effects could be better identified through the derivation of a flow pattern map 
specific to highly viscous flows. 
2.4.4 Summary 
The flow regimes exhibited by the upward vertical flow of gas-liquid mixtures in 
a pipe are generally categorised by four flow regimes, bubbly, slug, chum and annular 
flow. As the transition between regimes is not sudden but gradual, ftirther transitional 
patterns have been identified. 
A relatively large amount of work has been placed in the investigation of flow 
pattern maps. Much of this work has concentrated on ascertaining universal mapping 
parameters for horizontal flows. This has proved illusive, and even advanced 
visualisation techniques have not resolved the subjective and empirical nature of the 
study of flow pattems. 
Comparatively very little flow pattern data has been published for upward 
vertical flows. The most notable being that of Hewitt & Roberts [37] which is 
applicable to low-pressure air-water and high-pressure steam-water flows in small 
diameter pipes. There is even less published directly concerned with viscosity effects on 
flow patterns. Funikawa & Fukano, [42] made a comparison of flow pattern maps with 
vertical flow data. The flow map of Baker [43] was found to be the most suitable 
candidate to accommodate viscous effects even though it was devised for horizontal 
flows. 
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2.5 Pressure Drop Prediction in Pipes 
It is often necessary to predict the pressure drop of a two-phase system. Two- 
phase flows are complex, owing to the difficulty in accurately evaluating the governing 
forces of gravity, momentum and friction. The complexity is further exacerbated by the 
interaction of the two-phases. All expressions derived to predict the pressure drop of 
two-phase flows rely to some degree on simplifying assumptions. It is currently not 
possible to analytically quantify certain two-phase flow properties. This has influenced 
the broad range and large mix of analytical and empirical approaches that exist. 
The complexity of two-phase flow has, as yet, eliminated the possibility of the 
derivation of a single-model that can confidently be applied across all regimes and flow 
conditions. Thus the approach taken by most investigators is to ascertain the range of 
operation of their application and to apply the most appropriate model accordingly. 
2.5.1 One-Dimensional Flow 
The assumption that a two-phase flow is one-dimensional was made in order to 
simplify the application of the conservation laws. To describe the flow as one- 
dimensional is to make the following simplification; 
A cross any section ofa two-phaseflow in a tube there is a constant pressure 
and velocity, although the velocity ofeither phase may be different. 
The one-dimensional assumption means that variations in the flow with respect to 
distance along the pipe are considered whilst property changes across the pipe are 
ignored. The two most predominant applications of the one-dimensional assumption for 
gas-liquid, two-phase flows are the homogeneous model and the separated flow model, 
see Section 2.5.5 and 2.5.9 respectively. It is also convenient in the derivation of two- 
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phase models to assume that thermal equilibrium exists between the phases so that the 
temperature of the gas phase is equal to that of the liquid phase. 
2.5.2 Conservation of Mass 
For mass to be conserved, the mass flow is constant, i. e., the mass flow will not 
vary between any two given points in a flow. Thus a mass balance on the gas phases 
will give; 





Similarly a mass balance on the liquid phase will give; 





2.53 Conservation of Momentum 
It has been shown by Butterworth & Hewitt [45] (1977) that a force analysis on 
a cylindrical volume of perimeter, S, results in the two-phase momentum equation; - 
P-p+ 
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The one-dimensional flow assumption and the conservation of mass Equation 2.23 & 
2.24 simplifies this to; 
dp 
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Without some means to obtain the wall shear stress and the void fraction, Equation 2.26 
cannot be used to evaluate a two-phase pressure gradient. 
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2.5.4 Conservation of Energy 
Similarly, for an energy balance, Butterworth & flewitt [45] showed that the 














where, F, is the frictional energy loss. 
From the application of the momentum and energy conservation laws, it can be 
seen that a two-phase pressure gradient is a combination of frictional, accelerational and 
gravitational pressure gradients. That is, the pressure gradient for a two-phase flow can 
be treated as; 
dp dPF dPA d 
=-- ++ 
PC, (2.28) 
dz iE- dz dz 
where subscripts, F, A and G refer to friction, acceleration and gravitation gradients 
respectively. These three components will only hold the same value for both the 
momentum and energy balances under particular conditions i. e., for the specific case of 
no slip between the phase and that of incompressible horizontal flow. This is because 
the gravitational term of the momentum balance represents a force on the fluid within 
the pipe, whilst, in the energy balance, it is derived from the potential energy gained by 
the fluid over a unit distance. The ffictional. term in the energy balance differs from that 
in the momentum balance because it includes, in addition to friction losses at the pipe 
wall, losses due to the relative motion of the two phases. And the accelerational terms 
have a different weighting between the phases as they are derived either from the kinetic 
energy flux or the momentum flux. For incompressible flows, the momentum equation 
would be sufficient but where there are compressibility effects, the energy equation 
would have to be used. 
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2.5.5 Homogeneous Model 
The homogeneous model provides one of the simplest methods to represent two- 
phase flows. The basis of the homogeneous model is that the two phases' flow as a 
homogeneous mixture i. e., they have the same velocity, slip ratio = 1. The method 
originates from the design of water-tube boilers, Chisholm [46] (1963). 
This simplification enables the void fraction given by Equation 2.21 to be 
substituted into Equations 2.26 and 2.27. 'Me total pressure gradient given by the two- 
phase momentum equation is; 
dp 
= 
Sr dv I 
O+G 
' +-gsinO (2.29) dz A dz v. 
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where Vh iS given by; 
vh = xvg + 
(I 
- X)VI (2.31) 
For more detail and derivations of the homogeneous model see Butterworth & Hewitt 
[45], Govier & Aziz [47] (1972) and Collier & Ilome [48] (1994). 
The homogeneous model cannot provide an entirely analytical solution because 
there is no means by which to define the frictional pressure gradient. The frictional 
gradient must be based either upon measurements or generalisations based upon 
measurements, Hewitt & Hestroni [36]. A semi-empirical approach is to use a 
correlation to determine frictional pressure drop. This can be achieved by using single- 
phase equations allowing the frictional pressure gradient to be written as; 





This approach requires the properties of a two-phase friction factorfip, to be 
defined. The two-phase friction factor can be evaluated using a mean two-phase 
viscosity. Several definitions exist for the two-phase viscosity. The following are given 
by Collier & Thome [481, and their references McAdams et al (1942), Cicchitti et al 
(1960) and Dukler et al (1964); 
I=x+ (I X) (2.33) 
/lip Pg A 
P, p 
= Xug + (I - X)PI (2.34) 
litp = -L 
[x V9 P9 + X)VI P, (2.35) Vh 
All of the above satisfy the conditions x=0, ýttp = gi and x=1, gtp = gg. 
A fourth equation for the homogeneous viscosity is given by Beattie & Whalley 
[49] (1982) which is; 
jutp = pý, ah + pl 
(1 
- ah 
XI + 2.5ah ) (2.36) 
As an alternative to using a homogeneous friction factor a common method for 
determining the frictional pressure gradient is to employ a two-phase multiplier, e. If 
the frictional pressure gradient for an equivalent single-phase flow is calculated, the 
two-phase multiplier is the factor by which the single-phase frictional pressure gradient 
must be multiplied to obtain the two-phase pressure gradient. There are several two- 
phase multipliers that can be employed and they differ as a result of the single-phase 
properties chosen as a basis for evaluation. If the frictional single-phase pressure drop 
was calculated using the liquid flowing alone in the pipe, the frictional pressure drop for 
the two-phase flow would be obtained from a liquid-only two-phase multiplier. A 








If the frictional single-phase pressure gradient was calculated using the total 
mass flux flowing in the pipe and the properties of the liquid phase, the two-phase 
multiplier would be called the all-liquid multiplier. A commonly used method that uses 








In a similar way, two-phase multipliers can be defined using the gas phase flowing 
alone in the pipe or the total mass flux flowing in the pipe and the properties of the gas. 
2.5.6 Lockhart - Martinelli Correlation 
One of the earliest and most widely used correlations for two-phase flow is that 
of Lockhart & Martinelli [51] (1949) and was the first to incorporate slip effects. 'Me 
basis of the correlation is notionally one of separated flow. A parameter X, now known 
as the Martinelli parameter, was defined for the correlation. The application of this 
parameter depends on the use of phase-alone flows. The phases flowing alone can be 
regarded as being either laminar, originally termed viscous, or turbulent in nature. As it 
is possible that one phase may be laminar whilst the other is turbulent, Lockhart & 
Martinelli [5 11 provided four two-phase multipliers to cover all variations. The two- 
phase multipliers are retrieved from a graphical representation by first determining the 













The Lockhart-Martinelli correlation does not perform well under all conditions. One 
reason for this is, like all correlations, it cannot justifiably be applied to situations that 
are outside of the original experimental conditions i. e., horizontal two-phase flow close 
to atmospheric pressure and temperature, see T'horn [52] (1968). Secondly, the 
Lockhart-Martinelli correlation under estimates the influence of mass flux. Over certain 
ranges this can cause large effors, Chisholm [46], Hewitt & Ilestroni [36] and Collier & 
Thome [481. 
2.5.7 The Chisholm C Parameter 
Chisholm [2] (1967) chose to produce an analytical presentation of the 
Lockhart-Martinelli correlation. To assist in its application, Chisholm provided aC 
parameter defined for the liquid only two-phase multiplier as; 
Oi 
«=1+7+ 77 (2.40) 
and for the gas only two-phase multiplier as; 
2=I+C 
9 ýX+X2 
As with the Lockhart-Martinelli two-phase multiplier, values for the C 
parameter corresponded to laminar or turbulent flow conditions in each phase. Table 2.1 
gives the C parameters given by Chisholm to fit the Lockhart-Martinelli curves. 
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Lockhart-Martinelli curve c 
Gas Liquid 
Turbulent Turbulent 21 
Larninar Turbulent 12 
Turbulent Larninar 10 
Laminar Laminar 5 
Table 2.1: Chisholm C parameter values 
It is possible to use the Chisholm C parameter to represent a homogeneous flow, Ilewitt 
& Boure [53] (1973). In the case of homogeneous flow the C parameter is calculated 
from; 
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2.5.8 The Friedel Correlation 
According to Whalley [17], it is widely agreed that the Fricdel [50] correlation is 
the best generally applicable correlation. The claim is justified by the meticulous manor 
in which it was obtained e. g., the extensive comparisons of 25000 data points. The 
Friedel correlation is an optimised equation for an all liquid two-phase multiplier and is 
calculated from; 
2=A+3.24A2A3 (2.43) 010 1 FrO. 045weO. OTS- 
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It is not recommended to apply the Friedel correlation to two-phase flow where 
the viscosity ratio (pl/pg) exceeds 1000, Whalley [17]. 
2.5.9 Separated Flow Model 
in contrast to the homogeneous flow model, the separated flow model, or slip 
model, evaluates a two-phase flow by assuming the two phases flow entirely separately 
in the tube. Like the homogeneous model, empirical correlations are required to 
determine the effects of friction on the two-phase pressure gradient. Unlike the 
homogeneous model, where mixture properties may be used, the analytical treatment of 
the separated flow model starts with distinct equations for each phase. These basic 
equations can be solved simultaneously along with additional equations describing how 
the two phases interact. Equations describing the interaction of the phases are usually 
functions of void fraction and shear stress. 
In a similar manner to the derivation of the homogeneous model, the 
introduction of single-phase relationships in the energy Equation 2.27, allows the 
separated flow model to be expressed in terms of three pressure gradients i. e., gravity, 
friction and acceleration thus; 
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where the specific volume term, v, in Equations 2.49 & 2.51 is given by Equation 2.3 1. 
Just as with the homogeneous model, the two-phase friction term of Equation 
2.27 cannot be found by a purely analytical approach. Equation 2.50 incorporates a two- 
phase multiplier allowing the single-phase liquid friction factor to be used. An obvious 
improvement of the separated flow model over the homogeneous model is the 
incorporation of the slip ratio allowing the model to be adapted for a wider range of 
conditions. This improvement can also be an impediment to using the separated flow 
model as it requires the determination or measurement of the void fraction. For example 
Chisholm [541 (1972) provides this correlation for slip ratio; 
(2.52) 
If the phase velocities were assumed to be the same i. e., slip=l, then the 
equations for separated flow would reduce to those of the homogeneous model. The 
homogeneous and separated flow models are two extremes representing opposing 
conditions. In practice the true nature of two-phase flows generally sits some where 
between the two. 
This became evident in a study by Andeen & Griffith [55] (1968) where the 
homogeneous model was found to give the best prediction of momentum flux for the 
majority of the data they examined. Andeen & Griffith [551 described this as a 
surprising result especially considering that a separated flow model corresponding to 
33 
proven slip ratio should also be a good predictor of void fraction and hence momentum 
flux. Whalley [17] and Chisholm [56] (1983) attributed the inability of the separated 
flow model to predict the momentum flux to the existence of a pronounced velocity 
profile, resulting in the measured momentum flux being greater than that predicted. 
Both authors conclude that the homogeneous model is only a good predictor of 
momentum flux by accident, since the assumptions embodied by the model prevent it 
from being a theoretically based predictor of momentum flux. 
In addition to the velocity profile theory, Chisholm [54] suggested that another 
factor inhibiting the separated flow model from being a good predictor of the 
momentum flux was the effect of the entrained liquid fraction. Chisholm calculates an 
apparent entrainment fraction of 0.6 to match the data of Andeen & Griffith. Obviously 
a large proportion of the liquid travelling at a significantly higher velocity than the 
liquid film will increase the momentum beyond that predicted by the separated flow 
model. in light of this a modified separated flow model has been proposed by Hewitt & 
Hall-Taylor [26], where the two-phase flow is considered as having three components, a 
gas core, a liquid film and an entrained liquid fraction, changing Equation 2.41 to; 
dpA=_ Id [LXU2 22] 
2+ J- (I - x)Exui, + -L (I - xX1 - Eýjf (2.53) g22 dz 2v dz 
where subscripts e and f denote entrained and film liquid fractions respectively. 
A recent model for the momentum flux given by McNeil [57] (1998) operates 
between the boundaries set by the homogeneous and separated flow models. In effect 
this approach simplifies the method described by Chisholm [54]. Movement between 
the boundaries is achieved through the incorporation of an entrained liquid fraction. A 
proportion of the liquid phase, from the liquid annulus, is considered to be travelling in 
the gas core at the gas velocity. Using an entrained liquid fraction, E, the model defines 
a momentum correction factor, c,, as; 
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c. =[x+k(I-x x+(I-x E+ 
(I - E)' (2.54) (k-E)_l 
Suitable correlations for the slip ratio and the entrained liquid fraction are 
Premoli et al [58] (1970), Section 2.5-13, and Govan et al [591 (1988), Section 2.5.12 
respectively. Using Equation 2.31 for the specific volume for the mixture, Equation 2.54 
allows the acceleration pressure gradient defined by Equation 2.53 to be re defined as; 
dp 2d ' =-G -Z(c, v) dz 
2.5.10 The Drift Flux Model 
(2.55) 
The drift flux model was developed to address the inaccuracies incurred by 
models that were formulated around the assumption of one-dimensional flow, i. e., the 
homogeneous and separated flow models. Wallis [3] describes the drift flux model as a 
separated flow model with the emphasis shifted from the motion of the individual 
phases to the relative motion of the phases. To establish the model, equations were 
derived to determine the relative motion of the phases from parameters independent of 
the phase flow rates. As buoyancy and drag forces were initially used, and the density 
and velocity distribution were accounted for, the model is particularly useful for the 
bubbly and slug flow regimes. Bankoff [60] (1960) applied the method to low quality 
steam-water flow in the bubbly flow regime. The applicability of this method was 
improved by Zuber & Findlay [61] (1965) but according to Collier & Thome [48] the 
drift flux model is still limited to bubbly, slug and chum flow regimes. 
2.5.11 The Annular Flow Model 
The annular flow regime is of particular interest to this study as it is the most commonly 
Occurring flow pattern in two-phase systems and the majority of the two-phase data 
generated will lie in this region. A typical depiction of vertical annular flow is given in 
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Figure 2.3. The flow consists of a liquid phase flowing as an annular film on the pipe 
wall with the gas phase forming a central core. The gas core can contain a quantity of 
liquid in the form of droplets, commonly referred to as the entrained liquid fraction. The 
gas core travels at a higher velocity than that of the liquid film. The velocity of the 
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Figure 2.3: Annular flow. 
The frequent occurrence of annular flow in industrial settings has resulted in the 
development of models particular to this flow regime. Despite the symmetrical nature of 
vertical annular flow, the derivation of annular flow models has not been a simple task 
because of the complex interaction between the forces that govern phase velocities and 
pressure gradient. The interdependency of these forces negates any attempt to analyse 
them in isolation and necessitates a specialised approach peculiar to annular flow. A 
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complete treatment of annular flow would need to accurately represent the interplay of 
the following; 
n The existence of ripples and roll waves on the surface of the liquid film. 
0 Entrained liquid drops travelling in the gas core. 
m The simultaneous existence of laminar flow effects on the liquid-wall periphery and 
turbulcnt flow cffccts on the gas-liquid intcrfacc. 
n Determination of the interfacial friction factor and its relationship to film thickness. 
m The use of the correct shear stress distribution, incorporating gravitational effects. 
n The entrained rate of liquid drops into the gas core from the liquid film. 
a The deposition rate of liquid to the liquid film from the gas core. 
T'he incorporation of all the above results in an annular flow model of high 
complexity. A common approach to this complexity is to make some simplifying 
assumptions such as; no liquid is entraincd in the gas corc, the gas-liquid interfacc is 
smooth and the gravitational and accelerational effects on both phases can be ignored. 
This technique can lead to models too unsophisticated to effectively represent the 
physical phenomena that occur, Wallis [62] (1970). 
Another common approach to tackling the complexities of annular flow is to 
make use of the triangular relationship that exists between the film liquid now rate, the 
liquid film thickness and the liquid film shear stress. Ibis has become the basis for most 
annular flow models. The premise of the triangular relationship is that knowledge of any 
two of these quantities enables the third to be calculated. To further establish the 
triangular relationship it was initially found necessary to understand the variation in the 
shear stress across the flow as this would allow the velocity profile to be found. The 
least complex approach to this problem is to assume that the shear stress is linear, this 
approximation is justified if the liquid film is very thin in relation to the tube diameter, 
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and that the liquid film is laminar. In practice this method under predicted the liquid 
film thickness and over predicted the liquid film flow rate as it does not account for 
turbulent effects, Hewitt & Hall-Taylor [26]. To improve on this initial assumption and 
to account for turbulent effects, the liquid film was treated in a similarly way to that of 
the boundary layer region of a single-phase flow. This allowed the application of a less 
complex single-phase theory to obtain the velocity profile. The triangular relationship 
was then obtained by integrating the velocity profile across the liquid film. The 
integration assumes that the liquid film was thin enough for the curvature of the tube 
wall to be ignored. 
It was recognised that this simplistic triangular relationship was too 
unsophisticated to accurately represent the forces at work in annular flow. In view of 
this, some investigators have attempted to compensate for the inadequacies of the 
triangular rclationships. Shcarer & Neddcrman [63] (1965) assumcd a laminar flow 
throughout the liquid film and a constant shear stress. Willis [64] (1965) using an 
equally simplistic approach, argued that even though the film flow maybe turbulent in 
the region of the gas-liquid interface, laminar flow will be dominant at the pipe wall. 
Calvert & Williams [18] split the liquid film into two layers, one assuming a laminar 
flow and the second assuming a turbulent flow. Anderson & Montzouranis [65] (1960) 
applied the universal velocity profile but accounted for the effects of pipe wall curvature 
by modifying the expression for the film flow rate. Likewise Collier & Hewitt [66] 
(1961) applied the universal velocity profile but suggested that a laminar flow 
correction factor should be employed to adjust the predicted flow rate. 
In practice the application of the triangular relationship was found at best to 
yield predictions approximately 20 per cent greater than measured values, Gill & Hewitt 
[67] (1968). Initial investigations using the triangular relationship were incomplete due 
38 
to the assumption of a smooth gas-liquid interface. To address this deficiency 
investigators incorporated into models some form of interfacial roughness correlation. 
This was necessary because the ripples and roll waves generated at the gas-liquid 
interface have considerable effect especially regarding the pressure gradient, 
Butterworth & Hewitt [45]. 
To account for conditions at the gas-liquid interface, Calvert & Williams [181 
defined a dmg coefficient between the phases which was correlated as a function of the 
liquid film thickness. Anderson & Montzouranis [65] correlated the interfacial friction 
factor in terms of the gas Reynolds number and the ratio of the dimensionless mass flow 
and film thickness, obtained from the application of the universal velocity profile. 
Wallis [68] (1970) proposed an interfacial friction factor, based on the superficial 
velocity of the gas, which equated the interaction of pipe roughness, pipe diameter and 
film thickness. Wallis provided a simpler version of his correlation which instigated a 
general rule that a gas-liquid flow with a liquid fmction of one-tenth will develop a 
pressure drop ten times greater than that developed by the same gas flow flowing alone 
in a smooth dry pipe. Shearer & Nedderman [63] obtained a linear relationship between 
effective pipe roughness and a dimensionless film thickness, although the resulting 
correlation can only be applied to a very limited range of annular flows. They also 
identified that the interaction between gas and liquid flow rates, viscosity, density, 
surface tension and pipe diameter resulted in effects not yet being accounted for by 
annular flow theories. 
An important characteristic of annular flow is the existence of waves on the 
surface of the liquid film. Two basic types of waves have been identified, the small 
amplitude ripple wave and the large amplitude disturbance or roll wave, see Gill et al 
[69] (1963), Hall-Taylor et al [70] (1963), Collier & Hewitt [66] and Shearer & 
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Nedderman [63]. In addition to the difference in the amplitude of the two wave types, 
further distinctions have been observed. The ripple type waves are always present in 
annular flow, they travel at a lower velocity, do not form complete rings around the pipe 
circumference and are separated by small distances. Individual ripple waves quickly 
merge with the bulk film causing them to lose their identity. In contrast, disturbance 
waves only appear in certain circumstances of annular flow, always form complete rings 
around the pipe circumference, and appear as infrequent pulses travelling the entire 
length of the pipe. A more recent study of the ripple and wave phenomena encountered 
in annular flow is given by Wolf et al [71] (1996). 
2.5.12 Liquid Entrainment Correlations 
One of the simplifying assumptions made to assist the derivation of annular flow 
models, and is implicit in the separate flow model, is that the gas and liquid phases flow 
separately. In reality this is not the case and the proportion of the liquid phase that can 
become entrained in the gas core can be very high. Collier & Ilewitt [66] published 
entrainment results where, at the highest gas flows, approximately 90% of the liquid 
was entrained as droplets in the gas core. Several authors have commented on the 
significance of the entrained droplets and their effect on the overall pressure drop. 
Lopes & Dukler [72] (1986) remark that the inadequacies of earlier annular flow 
investigations were due to the assumption that the shear generated by the wavy gas- 
liquid interface to be solely responsible for higher annular flows having higher pressure 
gradients. Lopes & Dukler [72] attempted to correct this assumption by adequately 
allowing for additional effects arising from interaction of the entrained liquid and the 
slower moving liquid film. As well as Lopes & Dukler [72], Moeck & Stachiewicz [73] 
(1972) also concluded that the momentum exchange resulting from entrainment and 
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deposition, and hence energy loss, contributes substantially to the observed pressure 
gradients. 
The mechanism by which liquid droplets become entrained in the gas core, was 
identified by several investigators. Hall-Taylor el al [70] , Gill et al [74] (1964) and 
Shearer & Nedderman [63] attribute liquid entrainment to the occurrence of roll waves 
on the gas-liquid interface and the action of the gas flow on the tips of these waves. 
Although there is clear observational evidence for the mechanism of entrainment the 
subject became more involved when attempts were made to predict the amount of 
entrainment in an annular flow. Two studies by Gill et al [69] and Gill & Hewitt [67] 
attempted to quantify the rate of entrainment. The studies demonstrated that in the 
addition to the mechanism of entrainment other factors need to be considered when 
calculating liquid entrainment. This was indicated experimentally by the method of 
liquid injection. The settling length required for a fully developed flow and the final 
entrained liquid fraction were found to differ depending on whether a porous sinter or a 
central jet injector was used. It was found that the central jet injector under certain 
circumstances assimilated a greater entrained liquid fraction in the developed flow and 
that flows using a porous sinter injector took a significantly longer time to fully 
develop. Hutchinson et al [75] (1974) described the jet injection technique as providing 
an additional deposition mechanism. Experimentally there is an argument that 
laboratory techniques devised for the mixing of phases in order to generate an annular 
flow must closely resemble the physical process of industrial application being 
modelled. 
It has been speculated that in certain circumstances the rate of entrainment will 
match the rate of deposition i. e., a hydrodynamic equilibrium. Whalley [ 17] comments 
that up to 400 pipe diameters are required for something approximately close to 
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equilibrium to be established, but also suggests that equilibrium cannot really be 
attained. He reasons that as pressure decreases with distance, the gas density decreases 
altering the entraimnent / deposition ratio. Collier & Hewitt [66] speculated that the 
deposition rate probably depends on the droplet concentration in the gas core and the re- 
entrainment rate may depend on the film thickness and that hydrodynamic equilibrium 
can occur. 
Collier & Hewitt [66] and Gill et al [74] adopted an existing technique where a 
dimensional entrainment parameter R was correlated with the Lockhart & Martinelli 
parameter. For vertical annular flow the correlation is; 
X=0.069R 0.39 (2.56) 
This method has been used successfully for high liquid flow rates but only for air-water 
systems. 
Levy [76] (1966) proposed an annular flow model with liquid entrainment. Levy 
[76] evaluated the pressure drop using a shear stress term which was a combination of 
momentum and mass transfer effects. Reasonable success was reported by Levy [76] 
but for a limited range. 
Hutchinson & Whalley [77] (1973) described what they termed a simple model 
of entraimnent. They defined entraimnent in tenns of what they understood to be the 
dominant effects relevant to entrainment, namely, interfacial shear stress, film thickness 
and surface tension. A comparison with experimental data demonstrated some good 
agreement but not convincingly enough for general application. Hutchinson et al [75] 
developed this idea further constructing two new models one of which, the diffusion 
model, attempted to account for radial variations on the distribution of the entrained 
droplets. 
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A more recent entrainment correlation given by Govan et al [59] determines the 
onset of entrainment by defining a critical liquid film Reynolds number; 







For liquid film Reynolds number values of less than the critical, even with high gas 
velocities, the entrainmcnt is zero. The critrainment is obtained from a correlation for 
the rate of entraining liquid in the gas core and is solved by comparison with the rate of 
deposition of liquid on the liquid film, i. e., a deposition model. 
Specific to annular flow is the deposition model of Pan &I lanmtty [78] (2002). 
The correlation was developed using data for horizontal and vertical air-water flows. It 
was assumed that the flows were fully developed i. e., the rate of deposition of liquid 
from the gas core to the liquid film was balanced with the rate of liquid from the liquid 
film to the gas core. An entrainment correlation was defined in terms of a balance 
between the rates of atomisation and deposition. It is described as providing a good first 
approximation for entrainment in horizontal flows for liquids whose viscosity is close to 
water. 
2.5.13 Void Fraction Correlations 
Knowledge of the void fraction is of particular interest to the application of the 
separated flow and annular flow models described in Section 2.5.9 & 2.5.11 
respectively. The void fraction is a function of the relative velocity of the two phases 
and consequently it is subject to changes in the gas specific volume. As the gas specific 
volume of a two-phase flow will vary over the length of the pipe it is travelling through 
so will the void fraction. In certain situations where it is impractical to measure the void 
fraction, such as flow through pipeline components, the void fraction is treated as a 
constant. 
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The importance of the void fraction has lead to the existence of many 
correlations and models to allow the void fraction to be predicted. A graphical 
comparison of the more commonly used void fraction correlations is given in Figure 2.4 













Figure 2.4: Void fraction correlations. 
One of the earliest two-phase correlations is that of Lockhart & Martinelli [5 1j 
which it relates the void fraction to the Lockhart-Martinelli parameter. The experimental 
data from which the correlation was derived included air-oil blends with viscosities 
ranging from 2.3 to 1480 mPas. An approximation of this graphical correlation, is given 
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According to Govier & Aziz [47], the best general void fraction correlation for a gas- 
liquid flow is that of Hughmark & Pressburg [80] (1961). Using quick closing valves 
and oil blends, with viscosities of 5.8 and 28.6 mPas, the void fraction was correlated 
for a I" nominal bore test pipe. Increases in the viscosity were found to lead to a 
decrease in the void fraction. Although they obtained poor agreement with the 
Lockhart-Martinelli correlation they did obtain an average percentage error of less than 
15% for the correlation. 
Zivi [81] (1964) derived a theoretical expression for void fraction by assuming 
an annular flow regime with no liquid entrained in the gas phase and that the kinetic 






If this equation is compared with Equation 2.16 it can be seen that for this model 
the slip ratio is assumed to depend only on the ratio of the phase densities. Zivi [8 1] 
proposed a finther modification endeavouring to discern between the bulk of the liquid 
phase and liquid entrained in the gas phase. The result was an expression for void 
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Although this improved model of Zivi [8 1] is only applicable to stearn-water flows, 
according to the author, if the entrained liquid fmction is assumed to be zero, it provides 
the lower bound for much of the available experimental data. This is not dissimilar to 
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A similar approach to that of Zivi [8 1 ], was taken by Smith [821 (197 1). Smith 
[82] also includes in his correlation a factor allowing a fraction of the liquid phase to be 
considered entrained in the gas phase forming a homogeneous mixture travelling in the 
gas core. Smith [82] proposed that the momentum of the separated phases, a liquid 
phase and a gas phase containing liquid droplets could be assumed to be equal e. g., 
6equal velocity head'. Similarly to Zivi [81], the model of Smith [82] is only applicable 
to air-water and stearn-water flows. 
Chisholm [541 uses Smiths' 'equal velocity head' model to show that by 
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According to Chisholm [54] a value of 0.4 for entrainment gives good experimental 
agreement for air-water flows. Chishorn [54] concludes that using the homogeneous 
specific volume, defined by Equation 2.31 in his 'equal velocity head' model gives 








where vi, is given by; 
Vh = XV9 + (I -x)v, (2.64) 
Equation 2.62 can also be expressed as; 
(2.65) 
The simplest method to predict the void fraction is to assume the slip ratio to be 
unity and this allows Equation 2.21 to become; 
xv 
a=- g (2.66) 
XV9 + (I X)V, 
This is the homogeneous assumption and by definition the void fraction determined by 
this model provides an upper bound for void fraction prediction. For most instances the 
homogeneous assumption over predicts the void fraction. However, at low qualities and 
high mass fluxes, a good approximation of the void fraction can be obtained using the 
homogeneous assumption. 
One of the more sophisticated empirical correlations used to predict the void 
fraction is known as the CISE correlation, Premoli et al [58]. The correlation works well 
because, depending on flow conditions, it assumes either separated or homogeneous 
flow. For definitions of homogeneous and separated flow see Sections 2.5.5 and 2.5.9 
respectively. The correlation uses Equation 2.67 to determine the slip ratio from which 
the void fraction can be calculated. The slip ratio is given by; 

















E2 = 0.0273We Re-0-51 
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(2.70) 
and the Weber number was determined from; 
W G'Dpj e= 
a 
(2.71) 
The empirical correlations for void fraction are effectively correlations for the 
slip ratio. All the above correlations allow the void fraction to be predicted as an 
average across the channel. In real two-phase systems the void fraction and relative 
phase velocities will vary with radial position, i. e. velocity and void fraction have non- 
uniform distributions. The shape of these non-uniform distributions is called the 
concentration profile. A model especially formulated to deal with the relative motion of 
phases and the radial changes is the drift flux model, discussed in more detail in Section 
2.5.4. A development of the drift flux model by Zuber & Findlay [61 ] allowed the same 
approach to be used to predict void fraction. A distribution parmeter, C. was 
introduced to account for the non-uniform distribution of the void fmction and its 
concentration profile. Although accounting for non-uniform flow had already been 
attempted by Bankoff [60], Zuber and Findlays' model also incorporated the effect of 
the local relative velocity of the phases. The model has been generally applied across 
flow regimes, including annular flows, but it often requires knowledge about the 
velocity and void fraction distribution not readily available, see Butterworth & Hewitt 
[45]. 
Stepanek & Kasturi [83] (1972) introduced a dimensionless correlation with 
particular reference to two-phase flow in helical coils. The correlating parameters for 
void fraction and pressure drop were interrelated with the view that they would better 
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account for the complex behaviours encountered in two-phase flows than simpler 
correlations. Gomezplata et al [84] (1972) modified a correlation introduced by Brown 
et al [85] (1969). Several parameters are defined in the correlation and the void fraction 
must be retrieved by an iterative method. 
2.5.14 The General Application of Pressure Drop Correlations 
There is some disagreement in the literature as to the most appropriate 
correlation to apply to a given set of conditions. Several investigators advise caution 
when attempting to apply a correlation to flows that lie out with the original 
experimental conditions, Collier &'Ibome [48], Thom [52] and Holt et al [86] (1999). 
The general application of any correlation will inevitably lead to it being used with 
experimental comparisons that are out with it's derivation, where it will perform poorly. 
This may partly explain the differing views held by investigators. Ile factors identified 
as obstacles to obtaining true comparisons of correlations are the differences in flow 
regimes, operating pressures and flow rates, methods of fluid injection and fluid 
properties, and the length and diameter of the test pipe and settling length. 
Spedding et al [87] (1998) and Simpson et al [4] observed a deterioration in the 
predictive ability of correlations when they were applied to larger pipe diameters. The 
same authors also commented on errors attributable to flow development effects which 
are exacerbated when applying a single correlation across the entire spectrum of flow 
patterns. Hewitt [36] suggests that the only way to overcome these effects is to produce 
models that are flow-regime related. For a recent example of a flow regime related 
model see Holt et al [86]. 
Despite the difficulties encountered when making true comparisons, several 
correlations are demonstrably superior. Among these is the Friedel [50] correlation, 
Section 2.5.12, recommended by Hewitt [36]. Whalley [17] also recommends Friedel 
49 
[50] but qualifies its use, as described in Table 2.2. The review by Simpson et al [4] on 
horizontal correlations, which does not include Friedel [50], remarks on the relatively 
good performance of the Lockhart-Martinelli correlation. Spedding et al [87] (1998) 
provided an up-to-date comparison of a large number of correlations for vertical flows. 
Three correlations are recommended for pressure loss, Hagedorn & Brown [88] (1965), 
Beggs & Brill [89] (1973) and Orkiszewski [15]. Like the review by Simpson, Spedding 
et al [87] did not include the Friedel correlation. Govier & Aziz [47] favoured the 
correlation of Govier et al [ 191 for air-water incompressible flows. 
Viscosity Ratio Correlation Mass Flux, G 
(Kg/tWs) 
9000 Friedel [50] 
>1000 Chisholm [122] (1973) > 100 
>1000 Lockhart & Martinelli [51] (1949) < 100 
Table 2.2: Recommendations for Correlations, Whalley [17] 
It is widely agreed that it is unlikely, that a single correlation will be able to 
provide the best agreement across all flow conditions. Orkiszewski [IS] made 
improvements to the application of correlations by devising a scheme that embodied 
several correlations, giving a combination of methods and providing means by which 
they can be appropriately applied. More recently, and for similar reasons, Beattie & 
Whalley [49] proposed a method to calculate the'frictional pressure drop allowing for 
flow pattern influences but maintaining a simplistic form. 
The method of Beggs & Brill [89] differentiates between flow patterns by 
allowing appropriate adjustments to the correlation. Beggs & Brills [89] intended 
application was inclined pipes and a mechanism for incorporating flow pattern and the 
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inclination angle effects on the void fraction was a necessary feature. Spedding et al 
[87] recommend this method for vertical flows but Collier & Tbome [48] recommend it 
for inclined pipes only. 
Hagedorn & Brown [88] devised an entirely empirical method which was 
principally an extended form of the single-phase energy balance. Using a mixture 
density and assuming that the friction factor was related to the Reynolds number and the 
relative roughness of the pipe wall, in the same way as it is for single-phase flows, they 
were able to define a two-phase Reynolds number. Good experimental agreement has 
been reported using this correlation. 
Manabe et al [90] (1997) evaluated a mechanistic model that was a combination 
of existing correlations. Manabe et al [90] reported that for inclined and horizontal 
flows the mechanistic model out performed all commonly used correlations when 
applied to any flow pattem. Ellul & Issa [91] (1989) devised a separated flow model 
simulating bubbly flows. Hawkes et al [27] provided evidence for the behaviour of the 
core structures of wispy-annular flows associated with high mass fluxes. Ohnuki & 
Akimoto [92] (1996) investigated the dependency of two-phase flows on pipe scale 
using a 200mm diameter test section and Ohnuki & Akimoto [93] (2000), explored the 
cffects of gas-liquid mixing mcthods. 
2.5.15 Summary 
The most commonly used two-phase flow models are empirical correlations, the 
majority of which were devised to meet the demands of a particular industrial 
application, e. g., oil, nuclear and boiler. Investigators tend to favour empirical 
correlations as they are relatively easy to apply and they require little or no 
understanding of the prevalent phenomena occurring in the system. Analytical models 
have been developed but the increased sophistication with which the subject has been 
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approached has yet to yield improved methods of prediction, see Hewitt [36] and 
Hewitt [1]. 
A choice of empirically based solutions now exists with a varying degree of 
sophistication. The more obvious simplifying assumptions employed when deriving 
two-phase models leads to the homogeneous and separated flow models. Both models 
have been presented in the literature incorporating various two-phase multipliers and 
correction factors in an attempt to improve prediction accuracy and reliability. 
The separated flow model is of particular interest as it enables various 
adjustments to be made for phase velocity differences, knowledge of which can be 
obtained from void fi-action data. The favoured correlation for the frictional two-phase 
multiplier is that of Friedel [50] but this is not applicable where the viscosity ratio 
exceeds 1000. A strong candidate for experimental review is the C parameter method of 
Chisholm [2]. Based upon the pioneering work of Lockhart & Martinelli [5 11 the C 
parameter has a simplistic but accommodating method of correlating the friction 
gradient. 
The most likely flow regime to be encountered by this investigation is annular 
flow, which is governed by the complex interaction of several different phenomena. The 
predominant flow properties influencing these phenomena are identified by Wallis [68] 
as the pressure gradient, buoyancy, surface tension, inertia of the gas, inertia of the 
liquid, viscosity of the gas and the viscosity of the liquid. Although strongly defined 
boundaries exist between the phases, phase interaction is not negligible. On the 
contrary, the existence of ripple and roll waves on the liquid surface is evidence of 
interfacial frictional forces at work. In addition to the losses due to the gas-liquid 
interface, entrained liquid in the gas phase can also contribute substantial energy losses. 
'I'lie mechanism of entrainment is not yet fully understood furthering the difficulties 
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involved in the prediction of liquid entrainment. A correlation favoured by some authors 
is that of Govan et al [59]. 
Annular flow models have been devised that employ the triangular relationship 
of film liquid flow rate, thickness and shear stress. Varying degrees of success have 
been experienced with the application of these models, tending to work well over 
limited ranges out side of which they quickly become unreliable. 'Mis is due to the 
inability to accurately model the gas-liquid interface and difficulties relating to 
acceleration, entrainment and deposition effects. 
2.6 Viscosity Effects on Pressure Drop Predictions in Pipes 
A study on a 500m. deep I 1/4nominal bore experimental well by Hagcdorn & 
Brown [94] (1964), specifically addressed viscosity effects in pressure drop prediction. 
Test liquids included mixtures of Corsicana and crude oil with viscosity ranging from 
0.86 through to I 10 mPas. The most notable conclusion of Hagedorn & Brown [94] was 
the apparent cut off point for viscosity related effects. It was found that below a 
viscosity of 12 mPas that all viscous effects are negligible. Above 12 mPas significant 
pressure losses in addition to those recorded for equivalent air-water flows were 
observed. The additional losses incurred by the increased viscosity were attributed to 
the increased slippage between the two phases and the increased friction within the test 
liquid itself Hagedom & Brown [94] make the observation that a single cut off 
viscosity above which viscosity effects become important does not exist as viscosity 
effects were found also to be functions of the velocities of the two phases. 
Holt el al [86] have produced a generally applicable method for pressure drop 
prediction in vertical flows through the provision of a regime dependent mix of 
correlations. Ile flow pattern specific model was tested on data generated using 10 and 
5 mm diameter test section measuring the pressure drop and void fraction. Among the 
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test mixtures used was air-aqueous glycerol test liquid with a viscosity 14 mPas. Iffie 
model first predicts the flow pattern that is present and then an appropriate model is 
applied to suit the flow regime. For the annular flow regime, the correlation for 
entrainment and deposition is based on the work of Govan & Hewitt [59], the film 
thickness was determined from the method of Asali et al [95], and a new correlation 
was defmed for the interfacial friction factor. The model is described as accurate in 
predicting annular flow data. 
Fukano & Fumkawa [96] (1998) studied the effects of high viscosity on the 
structure and interaction of two-phases by measuring liquid film heights using a 
conductance probe. Aqueous glycerol solutions with viscosities of 4,6.4 and 10 mPas 
were used in vertical 26 mm and 19.2 mm diameter 5.4 m long pipes. Fukano, & 
Funikawa [96] found the gas-liquid interfacial structure to be significantly influenced 
by the liquid viscosity and that the roll wave height was found to be proportional to the 
mean liquid film thickness. The mean film thickness, tf., was correlated by; 
D=0.0594 exp(- 0.34Fr, 0,2' Reo-'9 xo-6 (2.72) is 
where Frp is the Froude number defined by the superficial gas velocity and, Re,, 
is the Reynolds number defined by the liquid superficial velocity. A method of 
calculating the frictional pressure drop was proposed and was shown to agree with the 
experimental data with an accuracy of ± 20%. The interfacial shear stress was calculated 
to be much higher than that found by Wallis [68]. 
Asali et al [95] (1985) using aqueous glycerol solutions, viscosity varied from 
1.1 to 5 mPas, measured film height and film flow rate for a vertical annular flow in 
pipes of 22.9 and 42 mm. diameter. A correlation was developed that allowed the liquid 
film height and interfacial friction factor to be predicted if the liquid film flow rate was 
known. Asali et al [951 improved on the ideas of Henstock & Hanratty [97] (1976) 
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where a dimensionless film height was correlated with the liquid film Reynolds number. 
A method to determine the interfacial friction factor was then devised which was 
independent of the film height and pipe diameter. 
Using the results of other investigators, including Asali et al [95], Ambrosini et 
al [98] (199 1) constructed an extensive data set of vertical flow data covering a range of 
viscosities and pipe diameters. Asali et al [95] was found to concur well with data for 
low liquid film Reynolds numbers. Ambrosini et al [98] used the film thickness and 
interfacial friction factor correlations of Asali et al [95] to develop their own correlation 
for interfacial friction factor and droplet size prediction. 
2.6.1 High Viscosity Effects on Liquid Entrainment 
One of the more recent publications that deals directly with the effects of high 
viscosity in an annular flow is that of Mori & Nakano [99] (2001). Investigating the 
inception of disturbance waves and entrained liquid droplets, the structure of the gas- 
liquid interface and the flow rates of entrained liquid droplets in the gas phase of an 
aqueous glycerol solutions with viscosities of 3.5,11.4,36 and 86 mPas. Observations 
were made on a vertical, 10 mm diameter, 3 in long test length using an iso-kinetic 
probe measuring entrainment rates, and a hold-up probe measuring liquid film 
thickness. Mori & Nakano [99] found that the majority of the liquid became entrained in 
the gas phase at high gas velocities. Increased viscosity was found to further confiise the 
gas-liquid interface producing a higher number of ripples between roll waves. Increased 
viscosity increases the superficial liquid velocity above which roll waves appear. They 
also concluded that roll waves were not the only mechanism of entrainment since at 
high viscosities the inception of entrained liquid droplets preceded the inception of roll 
waves. 
55 
Another work specific to high viscous flows is that of Campanile & Azzopardi 
[100] (2001). A 12 mm. diameter, 450 mm vertical test length was used to produce 
downward flow of com syrup solutions, viscosity range 5000 to 50000 mPas. An 
attempt was made to characterise the effects of viscosity on film thickness and 
atomisation. Existing correlations were compared to experimental results, namely 
Govan et al [59], Asali et al [95] and Fukano & Furukawa [96] for entrainment, film 
thickness and the interfacial friction factor respectively. Empirical correlations were 
then developed that related the pressure gradient to film thickness and viscosity. 
Agreement with experimental data was described as good at the lower viscosities but a 
degree of discrepancy was found at the higher viscosity. 
2.6.2 High Viscosity Effects on Void Fraction 
To investigate the influence of viscosity on void fraction Kasturi & Stepanek 
[ 10 1] used com-sugar-water test solutions, viscosities of 7.5 to 14.8 mPas, in a 12.5 mm 
diameter helical coil. Aqueous glycerol solutions were experimented with but they were 
found to foam to a high degree. Good agreement for a wide range of qualities was 
observed using the Lockhart-Martinelli viscous-viscous line. An increase in viscosity 
was found to have a retarding effect on the liquid causing a subsequent increase in the 
slip ratio. 
Porzhezinskiy & Sagan [102] (1971) using a sugar-solution, viscosity varying 
between 9.3 and 70 mPas, studied the downflow in a 32.7 mm diameter pipe. Increasing 
the liquid phase properties of density and viscosity were reported to increase the causes 
producing velocity slip, hence a decrease in void fraction. 
Weiss et al [1031 (1985), used a 15.1 mm dimneter 1.3 m long vertical pipe to 
observe the effects of viscosity. The test viscosity range was between 0.92 to 1670 mPas 
using silicone fluids (poly dimethyIsiloxane). Intermediate viscosities were also 
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examined and these were obtained by blending. Weiss et al [ 103] concluded that a clear 
effect of viscosity was an increased void fraction, which is in opposition of other 
investigators. It is not clear why. 
Chisholm [ 104] (1962) investigated correlations for effective mixture density in 
a view to accommodating influences of liquid flow rate and viscosity. The main 
incentive was to improve existing correlations for void fraction and slip ratio. Using air- 
oil data from the literature, Chisholm [ 104] formulated an effective mixture density 
correlation for horizontal flows that was accurate to ±20 per cent. It is not clear what the 
corresponding improvement in void fraction and slip ratio prediction was. 
2.63 Summary 
Several authors have recentlY applied annular flow models to viscous flow 
applications. The method of Holt et al [86] can be generally applied due to the flow 
pattern specific approach used. For the annular flow regime the work of Asali et al [95] 
was used to determine the film thickness. 
Publications that focused on methods for determining the liquid film thickness, 
and interfacial friction factor are Asali et al [95], Ambrosini et al [981, Fukano & 
Furukawa [96]. Viscosity was noted as having a significant effect on the gas-liquid 
interface by Fukano & Furukawa [96] whom correlated an expression for the liquid film 
mean thickness. Asali et al [95] correlated a dimensionless film height with the liquid 
film Reynolds number. 'Mis idea was then utilised by Ambrosini et al [98] who 
developed a more extensive set of correlations. 
The effects of high viscosity on entrainment and deposition mtes have been 
investigated by Mori & Nakano [99] and Campanile & Azzopardi [1001. Much attention 
was given to the gas-liquid interface by Mori & Nakano [99] and they concluded that 
iqu d entrainment was effected by at least two different mechanisms. The work of 
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Campanile & Azzopardi [100] reports a mixed performance when they compared an 
annular flow model to high viscosity data. 
Several investigators have examined the effects of viscosity on the slip ratio. 
'Me majority of these are in agreement that viscosity cause an increase in slip ratio. The 
exception is the work of Weiss et al [ 103]. 
A pattern is emerging of viscosity effects on flow properties, increased slip ratio, 
larger friction gradients and differing patterns of liquid entrainment. A degree of 
success is also evident in the predictive methods for the interfacial friction factor and 
liquid film thickness. 'Me performance of the more generally applied correlations in 
highly viscous two-phase flows has not been documented. The viscosity of some 
publications is limited and those that deal with the high viscosity flows have had a 
narrow application or have been focussed on a specific flow characteristic. 
2.7 Pressure Losses Due To Flow Restrictions 
Industrial needs have dictated that some types of fittings have received more 
attention than others. For example, attempts to derive metering methods for two-phase 
flow similar to those employed in single-phase flow and the examination of the 
geometry of nozzles and abrupt enlargements so as to obtain a better understanding of 
the throttling process in valves. Examples of orifice plates studies with a view to 
metering two-phase flows are Chisholm [1051 (1977), Dickson & Wood [106] (1972), 
Graham [ 1071 (1967) and more recently Ferreira [ 108] (1997). For nozzles see 
Chisholm [109] (1967), Wallis & Sullivan [110] (1972) and Martindale & Smith [I 11] 
(1982). A recent study of abrupt contractions is given by Schmidt & Friedel [ 112] 
(1997). 
The different geometry of each pipeline component results in a different balance 
of recoverable and unrecoverable pressure change. According to Hewitt [361 and 
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Whalley [17], for gradual changes in cross section, where there are no separation and 
circulation effects, the homogeneous and the separated flow models are sufficient to 
describe the flow. Other pipeline components are far more flow intrusive and have 
downstream settling lengths of up to ten times that observed for single-phase flows. 
2.7.1 Homogeneous and Separated Flow Models 
The application of the homogeneous and separated flow models requires the 
calculation of an all-liquid single-phase pressure loss. This all-liquid single-phase 
pressure loss is calculated from; 
API. = 
flG 2 V, (2.73) 
2 
where single-phase loss coefficient, 0, is as described in Section 2.2.2. 
To detennine the total two-phase pressure drop across a pipe restriction, a two- 
phase multiplier is applied to the all-liquid single-phase pressure loss; 
An 2 
= lp = 
01'. API. (2.74) 
From the momentum balance, as described in Section 2.5.3, Bergles el al [ 113] (198 1) 
defines the two-phase pressure loss for homogeneous assumption as; 
= 
A, A 2( +(1 _X)tý) Aptp -; j'L)G xvg (2.75) A2 
22 
And the separated flow assumption as; 
Ap 
A- 





Figure 2.5 depicts the general trend of the homogeneous and separated flow 
models when plotted against quality for air-water at atmospheric pressure. A major 
difficulty of the application of both homogeneous and separated flow models is the 
effect of void fraction. For some pipeline components such as orifice plates, valves and 
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abrupt enlargements, obtaining values for the void fraction as the flow passes through 
the fitting is impractical. However the assumption that void fraction remains constant 
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Figure 2.5: Two-phase multipliers for pipeline components. 
Another deficiency of homogeneous and separated flow models is the 
occurrence of entrainment. This is demonstrated by the homogeneous models tendency 
to over predict the momentum flux in pipes and nozzles and the separated flow models 
tendency to do the converse. Both models fail because they represent two extreme 
scenarios. 
The homogeneous model lumps the gas and liquid phases together, attributing 
them with the same velocity, when this is not physically taking place. The separated 
flow model attributes distinct gas and liquid velocities which is a more accurate 
I 
representation of the actual flow but only for a limited range of conditions. Over most of 
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the annular flow range, a large proportion of the liquid phase is entrained in the gas 
phase travelling at velocities greater than that of the liquid bulk. McNeil [57] advises 
that for vertical flows entrained liquid travels at up to 90 per cent of the gas velocity. A 
more accurate prediction of the two-phase multipliers was obtained from a model that 
lay some where between the two extremes of the homogeneous and separated flow 
models. Morris [ 114] (1984) used a two-phase multiplier based on an 'effective' two- 
phase specific volume, v,., given by; 
[xvg + k(l - x)v, 
tx 
+ (I - x)E + 
(I 
- E)2 














This idea was ftu-ther explored by McNeil [57] for incompressible flow in 
nozzles and is discussed in Section 2.7.5. 
2.71 Experimentally Obtained Two-Phase Multipliers 
Ile difficulties of describing the void fraction and entrained liquid fraction of 
flows within fittings has lead investigators to generate experimental two-phase 
multipliers. 'Me pressure drop attributed to a pipeline restriction is found experimentally 
by measuring the two-phase pressure gradient before and after the fitting. This method 
is demonstrated by Geiger & Rohrer [ 115] (1966) and Schmidt & Friedel [ 116] (1996) 
in the context of a sudden expansion. The pressure loss due to the pipeline component is 
then found by determining the pressure gradients to either side of the restriction and 
then extrapolating to the centre line of the change in area. This procedure is illustrated 
in Figure 2.6. 
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Location of pressure measurement 
Figure 2.6: Experimental pressure drop for pipeline components. 
2.73 Orifice Plates 
In comparison to other pipeline components, the pressure recovery following an 
orifice plate is small. 'Me most simplistic treatment of an orifice plate is to apply the 
energy equation between a plane in up stream position and a plane located at the vena, 
contracta. If it is assumed that the flow is homogeneous and that the void fraction is 
constant then the pressure loss, for an orifice of area, A,,, can expressed as; 
= 
E, 2v, [7,4, 





2CD v/ 2 
where the discharge coefficient, cD, is a modified contraction coefficient allowing for 
the effects of the velocity profile. Equation 2.79 is in practice a reasonably inaccurate 
model. Superior models have been derived by further examining the processes 
governing the interaction of the phases as they pass through the orifice plate. Early 
attempts at improving orifice plate models are Dickson & Wood [ 106] and the work of 
Chisholm [105]. 
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A review of two-phase flow pressure losses in pipeline fittings given by ESDU 
[1171 (1989), recommends the use of the two-phase multiplier of Simpson et al (1983). 
The ESDU [1171 selection of correlation was based on several sources of experimental 
data including air-water, steam-water and air-oil, and is given as; 
Y. 
I+x 9-1 (2.80) 
The ESDU [1171 advises that the accuracy of prediction for the multiplier is at 
best ± 20% and in some cases as poor as + 40%. 
A recent publication by McNeil [118] (2000) presents a model for all expansion- 
contraction type pipeline components involving incompressible and compressible flows. 
Knowledge of fitting-specific slip and liquid entrainnient at orifice plate is not required 
as upstream pipe flow properties are used. The momentum correction factor of McNeil 
[57] (1998), Equation 2.54, is used along with the single-phase loss fitting to allow 
pressure drops due to the fitting to be calculated. 
2.7.4 Valves 
Data for two-phase flow through valves was found to be the least available for 
pipeline components considered by this study. Hewitt [36] describes the use of an 
expression for the two-phase multiplier for the window-zone of a shell-and-tube heat 









The ESDU [117] publication recommends a two-phase multiplier determined by the 
method of Morris (1985). The ESDU [117] correlation selection was based on several 
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sources of experimental data including air-water, steam-water and air-kerosene, and is 
given as; 
012. v. Iv, + k(l -+I+ 
(k 
- 1)2 (2.82) X) k (V, /Vj Y, -I 
where the slip ratio is; 
k= 
[I 
+ 1)]y (2.83) 
2 
The globe valve two-phase multiplier correlation was derived from 
predominately air-water data and according to ESDU [117] will predict with an 
accuracy of ±20 %. 
As the flow through a globe valve can be considered to be contracting and then 
expanding the model of McNeil [118], as discussed in Section 2.7.3, can be applied. 
McNeil [118] treats a globe valve as an equivalent orifice plate by assuming any losses 
incurred by flow direction changes in the valve can be represented as orifice plate form 
loss. Similarly to orifice plates the slip ratio and entrained liquid fraction upstream of 
the globe valve allow pressure drop predictions to be calculated using the single-phase 
loss coefficient. 
2.7.5 Nozzles 
Similarly to orifice plates, most interest in nozzles has stemmed from the need to 
devise metering methods for two-phase flows. Graham [ 1071 correlated the data for the 
vertical flow of air-water through nozzles of diameter, 15.9,24.5 and 35 mm for 
qualities mostly outside of the annular flow region. 
The lesson learned from other pipeline components is the need to account for 
processes occurring widiin the fitting such as liquid entrainment and slip mtio effects. 
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This approach was adopted by King & Piar [119] (1999) where entrainment and 
deposition mechanisms were used for the determination of what they describe as 
multidimensional effects. ne model assumed an annular displaced flow and was 
derived from data obtained for a vertically orientated converging nozzle with a throat 
diameter of 10 mm. 
A publication of McNeil [57] builds upon an approach of Morris [114]. An 
annular flow is envisaged with some of the liquid phase travelling at a lower velocity 
while the rest travels as a homogeneous mixture with the gas phase, i. e., mixed with the 
gas and at the gas velocity. The model is advantageous as it can be applied using 
existing pipe flow correlations to obtain the slip ratio and entrained liquid fraction. The 
model compares well with air-water data provided in the literature. 
2.7.6 Abrupt Enlargements 
If wall shear and gravity forces are ignored, a momentum balance can be 
obtained for the incompressible two-phase flow through an abrupt expansion. For a 
homogeneous flow, where the ratio of the two areas of cross section is, S, the resulting 
pressure loss is given by; 




- 1)] (2.84) 
The same difficulties are encountered with the homogeneous abrupt expansion 
model that are known to occur when the homogeneous model is applied to other 
pipeline components. 'Me homogeneous model is invalid because entrainment and slip 
ratio effects are ignored and the void fi-action is not constant across the abrupt 
expansion, Collier & Thorne [48]. 
The two-phase multiplier recommended by the ESDU [117] publication is that 
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ESDU [117] advise that there are no apparent inaccuracies resulting from particular 
ranges of inlet diameter, area ratio or mass velocity. The correlation was derived from 
steam-water data mostly in the annular flow regime. 
McNeil [57] suggests that the pressure drop across an abrupt enlargement can be 
determined from the application of the momentum equation giving; 
A-A=G. (c,, G2 V2 - CmlGtVl) (2.86) 
where the subscripts t and 2 stand for throat and downstrearn pipe respectively and the 
momentum correction factor c., is calculated using Equation 2.54. 
2.7.7 Summary 
The application of either homogeneous or separated flow models to predict 
pressure losses due to pipeline components is insufficiently accurate in most instances. 
The literature contains few extensive explorations of two-phase flow through pipeline 
components. Enhanced correlations have been proposed by ESDU [117], which at best 
provide data fits of ± 20% over selected quality ranges. More ambitious models have 
been developed that incorporate slip ratio and entrainment effects, most notably that of 
McNeil [57] and McNeil [118]. Further experimental work is required to fidly validate 
these models. There are no data sets available that contain highly-viscous two-phase 
flows through pipeline components. 
2.8 Viscosity Effects on Pressure Losses Due To Flow Restrictions 
Dickson & Wood [106] studied the downward flow of air-oil mixtures through a 
sharp-edged orifice plate. The behaviour of air-oil mixtures was shown to only slightly 
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deviate from the air-water mixtures but this was for a restricted quality range and low 
viscosity. 
Schmidt & Friedel [116] tested the flow of two-phase mixtures through an 
abrupt enlargement for eight different area mtios. Several liquid phases were used 
including air-glycerine. The maximum liquid viscosity was 31 mPas for mass fluxes of 
1000,2000 and 3000 kgtm2/s. At the higher mass fluxes, the phases were found to foam 
on discharge but at the lower mass fluxes the pressure change was a strong function of 
liquid phase density and viscosity. The effect of the liquid viscosity on the pressure was 
much greater than that of the liquid density. A semi-empirical model to predict pressure 
change was proposed. The model incorporates liquid phase viscosity, entrainment, void 
fraction and surface tension and is described as being sufficiently accurate for 
engineering purposes. 
Schmidt & Friedel [112] evaluated a model for pressure drop across a sudden 
contraction. Using the same experimental set up as Schmidt & Friedel [116], a range of 
viscosities and diameter ratios were tested. Two-phase flows were found not to contract 
beyond the physical edge of the fitting. Similar to the work on the abrupt enlargement, a 
new model incorporating the parameters of void fraction, entrainment, liquid viscosity 
and surface tension was proposed. The model is described as being sufficiently accurate 
for engineering purposes. 
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2.9 Summary of Review 
Single-phase turbulent and laminar flows in pipes have been thoroughly 
explored and are well documented in the literature. This is also true for the generation of 
loss coefficients for turbulent flows through standard pipeline components. For laminar 
flows through pipeline components the influences of viscous forces leads to a strong 
Reynolds number dependency occurring below a critical Reynolds number. For many 
standard geometry's this dependence and the resulting loss coefficient has yet to be 
fully investigated although several publications demonstrate the peculiarities of flows at 
low Reynolds numbers. Most notable among theses are Alvi et al [9], Edwards et al 
[101, and Kitteridge & Rowley [6]. Single-phase loss coefficients at low Reynolds 
numbers are of particular interest as they may be necessary for the determination of 
two-phase multipliers for high viscosity two-phase flows through pipeline components. 
Two-phase flows are characterised by flow patterns. A method of deciphering 
two-phase data flow to assist in interpretation and analysis is the use of flow pattern 
maps. Although there are many investigations of flow pattern maps little exists for high 
viscosity flows. Furukawa & Fukano, [42] is one of the few publications that attempts to 
investigate the effects of high viscosity on the validity of the boundaries of existing flow 
maps. 
A large body of work exists concerning the prediction of pressure drop of two- 
phase flows. Much of this work is based upon the application of two generally 
applicable models, the homogeneous and separated flow model. The simplifying 
assumptions made in order to derive these models allow them to be easily applied but 
these same simplifications can also leads to high margins of error. Of the two, the 
separated flow model has a much higher degree of adaptability, as differences in the 
phase velocities and liquid entrainment can be considered. Both the homogeneous and 
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separated models require an empirical solution for the fictional pressure gradient and 
this is often determined using a two-phase multiplier. The C parameter method 
Chisholm [2] is often used for this purpose. Another widely applied correlation of the 
two-phase multiplier form is that of Friedel [50]. The Friedel [50] correlation was 
derived from an extensive data set and as a result it has proven to be the most reliable 
correlation for a wide range of applications. 'Me performance of these generally applied 
correlations in the context of high viscosity flows has never been assessed. 
The common occurrence of the annular flow regime in two-phase applications 
has lead to the developed of an annular flow specific model. Some recent publications 
contain correlations for the annular flow model derived using viscous flows. These 
correlations are used for determination of film thickness, interfacial friction factor and 
pressure drop. Key to these correlations are the mechanisms of liquid deposition and 
entrainment. A certain amount of insight into high viscosity cffects has been provided 
by Fukano & Furukawa [96], Asali et al [95], Ambrosini et al [98] and Campanile & 
Azzopardi [1001 but further exploration is required as most of these studies have only 
used relatively low viscosities. 
A disadvantage of empirically based correlations is that they are effectively 
restricted to the range of conditions from which they were derived. According to Holt et 
al [86] empirical correlations should only be applied to conditions that do not lie out 
with the originating experimental work. The generally applied correlations of Lockhart 
& Martinelli [5 1 ], Chisholm [2] and Friedel [50] were not derived from high viscosity 
data. This means that the performance of these models when applied to high viscosity 
flows is unknown. A situation that is not easily remedied as very limited high viscosity 
two-phase data is provided in the literature. 
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The established practice for evaluating pressure losses due the flow of two-phase 
flows through pipeline components is to employ two-phase multipliers. The publication 
of ESDU [117] is a review of two-phase multipliers determined for standard pipeline 
fittings. ESDU [117] provides recommendations for the most reliable of these 
correlations. There are no publications, including ESDU [117], that provide two-phase 
multipliers derived from high viscosity data. The work of McNeil [118] is the only two- 
phase model for flow restrictions that includes compressibility effects. Neither the 
recommendations of ESDU [117] nor the slip model of McNeil [118] have been 
assessed using high viscosity data. 
'Me main objective of this study is to determine the appropriate design methods to 
employ when evaluating the performance of pipe flows and pipeline components with 
respect to highly viscous two-phase flows. As demonstrated by this review there are no 
publications that provide an empirical verification of existing models as the literature 
has only limited high viscosity two-phase pipe flow data and an absence of any high 
viscosity two-phase pipeline components data. 
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Chapter 3 
DESIGN & INSTALLATION OF THE 
EXPERIMENTAL TEST FACILITY 
3.1 Introduction 
A new and unique facility was developed for this study and installed in the 
Department of Mechanical Engineering of Henot-Watt University. The implementation 
of the new facility required the identification of appropriate two-phase flow research 
techniques. From these techniques corresponding design criteria and system parameters 
were derived. Careful consideration was given to: 
- Project objectives e. g. obtainmig highly viscous two-phase experimental data. 
- The existing knowledge base present at Heriot-Watt University due to a history 
of research in two-phase flow and single-phase highly viscous flows. 
3.2 Design Considerations 
3.2.1 Project Objectives 
The purpose of the rig was the experimental testing of highly-viscous two-phase 
flows in the vertical orientation using a straight length of pipe and the standard pipeline 
components of an orifice plate, nozzle, globe valve and abrupt enlargement. The test 
facility was required to operate with air-water and air-glycerine two-phase mixtures i. e., 
water and glycerine test liquids. This flexibility in the choice of test liquids enabled the 
direct comparison of the behaviour of highly-viscous two-phase flows with better 
understood air-water two-phase flows. 
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31.2 Existing Single-Phase Test Facility 
Prior to this study, the Department of Mechanical and Chemical Engineering at 
Heriot-Watt University had been involved in the investigation of highly viscous single- 
phase flows. A description of an earlier facility is given by McNeil et al [13] (1999). 
Although only a single-phase test facility, knowledge gained through its operation 
provided an important stepping stone for the design of the more complex two-phase 
facility. 
In addition to the operational side of a highly-viscous test facility, the expertise 
gained from these earlier studies was advantageous in the selection of test liquids. First 
hand experience of the complications of using non-Newtonian test liquids influenced 
the selection of a Newtonian test liquid. 
31.3 Test Facility Design Criteria 
To fulfil experimental commitments and take advantage of existing expertise, as 
outlined in Sections 3.2.1 & 3.2.2 respectively, the following design criteria were 
identified: - 
m The supply and circulation of the liquid phase with sufficient storage capacity 
enabling highly-viscous test liquids to be repeatedly introduced and with drawn 
from service. 
m Ile generation and supply of a gas phase i. e., air at a constant supply pressure. 
2A means of accurately measuring the gas phase mass flow rate. 
mA means of accurately measuring the liquid phase mass flow rate. 
0A test length incorporating, pressure taps for local pressure measurement and the 
facility to house in-line test components. 
0A means by which the local pressure taps on the test length could be purged by the 
gas or liquid phases. 
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aA mixing device to introduce the liquid phase to the gas phase. 
mA separation tank to assist in the re-circulation of the test liquid. 
0A method to measure the momentum flux rate of the test liquid as it discharges from 
the test length in to the atmosphere. 
0A means of measuring the void fraction of two-phase flows. 
mA data acquisition system enabling the electronic logging of pressure and 
momentum readings. 
aA method of controlling the temperature of the circulating test liquid. 
3.3 General Layout of Test Facility 
The layout of the test facility is given in the schematic, Figure 3.1. The 
experimental rig comprised of three loops around which liquid was circulated by means 
of a positive displacement pump. Two of the loops, the test loop and the calibration 
loop, were constructed from 25 mm nominal bore copper pipe and the third, a rc- 
circulating loop, was constructed from 50 mm nominal bore copper pipe. During 
operation the re-circulation and one other loop were used simultaneously. 
A bank of control valves on the discharge side of the pump was used to select 
either the test or calibration loop and appropriate flow nozzle. The pump was located on 
the basement floor, the lowest point on the test facility. Liquid from two 40 gallon 
supply tanks passed through a heat exchanger to the suction side of the pump via a 100 
mm diameter PVC pipe. A large diameter pipe was used on the suction side of the pump 
so that the frictional pressure drop in the pipe did not exceed the gravitational pressure 
drop during highly viscous tests, thus avoiding cavitation problems encountered in the 
single-phase work of McNeil et al [13]. 
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Experimental mass flow rates were regulated by the use of valve A. Adjustments 
made to the position of valve A to constrict the flow in the re-circulation loop diverted 
more of the test liquid through either the test or calibration loops. 
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Figure 3.1: Test Facility Layout 
The test loop, engaged by opening valve C and closing valve B, ran vertically 
from the ground to a high level and incorporated an air-liquid mixing device, a settling 
length and a test section. Mounted above the exit of the test section was a target, used to 
measure the momentum flow rate of the exiting test liquid. The target and the end of the 
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test section were enclosed in a viewing glass to allow visualisation of the momentum 
exchange. The viewing glass also acted as a channel diverting the test liquid after 
impinging on the target into the separation tank. The test liquid was returned to the 
supply tanks from the separation tank. A thermocouple was placed at the beginning of 
the test section to allow the test temperature to be measured. 
The calibration loop, engaged by closing valve C and opening valve B, ran 
vertically and terminated with a 2" nominal bore, horizontal manifold that evenly 
distributed the test liquid between two 20 gallon calibration tanks situated above the 
supply tanks. Liquid draining from calibration tanks into the supply tanks below was 
controlled by valve D. A thermocouple positioned up stream of the distribution 
manifold on the calibration loop gave the calibration temperature. A float connected to a 
load cell arrangement was inserted in each calibration tank. The rising liquid levels in 
the calibration tanks increased the buoyancy force acting on the float and in turn on the 
load cell. The calibration of the buoyancy force with the liquid level in each calibration 
tank is described in Section 4.5.2. 
Two-phase work required the delivery of air to the air-liquid mixcr. An 
Ingersoll-rand SSR MI 10 compressor was used to replenish an air receiver located in 
the basement. From the air receiver the test facility could draw a constant air supply at a 
static pressure of 7.5 bar gauge. Three Fisher-Rosemount Brooks air rotameters were 
installed between the air receiver and the air-liquid mixer. The rotameters allowed the 
continual monitoring of the mass flow rate of air flowing through the test facility, the 
regulation of which was achieved by the use of three gate valves located downstream of 
the rotameters. A thermocouple was positioned upstream of the rotameters to give the 
air supply temperature. Air delivered to the air-liquid mixer passed into the test loop, 
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discharged at the test loop exit and vented to atmosphere through three 200 mm 
diameter exhausts on the separation tank. 
3.4 Detail Description of Test Facility Components 
3.4.1 Test Section 
The test section, shown in Figure 3.2, was housed vertically in a purpose built 
scaffolding tower constructed from 25 mm square section tube. Both the test section and 
a preceding 2.75 m settling length were made from 25 mm diameter nominal bore 
copper tube. A series of twelve 2 mm diameter pressure taps were located over the full 
length of the test section the positions of which are given in Figure 3.2. 
The mid section of the test section consisted of an interchangeable spool piece. 
The ability to readily remove and replace the spool piece enabled a range of test 
components to be inserted in-line with the test section. With the exception of a standard 
one inch globe valve, all test components were manufactured in-house. Tlese were a 
straight length of pipe, a nozzle, an abrupt enlargement and an orifice plate, details of 
which are given in Figure 3.3. The globe valve, rated PN32, was manufactured in 
accordance with BS 5154 series B and dimensions are given in Figure 3.10. All globe 
valve tests took place with the valve seat in the fully open position. 
The frequency with which the test components would be inter-changed 
necessitated the construction of a custom designed flange. The design of flange needed 
to ensure a leak free connection whilst maintaining the integrity of the internal surface 
of the test section. All flanges were machined from Brass bar as per Figure 3.4. For 
certain experimental work the test section and preceding settling length were required to 
be re-installed in 20 nun nominal bore tube e. g. to allow experimental work involving 
the abrupt enlargement. This difficulty was accommodated by fitting custom built 
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flanges to all 25 and 20 mm nominal bore test section spool pieces and settling lengths, 
providing the necessary flexibility for any combination of assembly. 
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For the 25 and tile 20 nini nominal bore test sections these were 26.12 mun and 20.19 
mm respectively. 
A common 5 mm 11) stainless steel pipe linked all tile pressure taps on the test 
section to a single Rosemount 2088 SMARTpressure transducer. A series ol*6 nirn ball 
valves allowed each pressure tap to be isolated or connected with the pressure 
transducer. This common line was also connected to the air and liquid supplies allowing 
the local pressure taps to be flushed with the gas or liquid phase. Platc . 
1.1 slioNNs the 
pressure line branching from the pressures taps as it ascends the test section. 
3.4.2 Viewing Class & Discharge Components. 
At the exit ofthe test length, a viewing glass was litted to allow the visualisation 
of the discharging single and two-phase flows. For reasons ofaccess, the viewing glass 
was mounted on a hinged 25 mm square section tube 1'ramc allowing it to till clear of 
the end ofthe test section. A series ot'discharge components, a pipe, nozzle and orifice 
plate, were manufactured from Brass bar as per Figure 3.5. The dimensions ol'the 
discharge and the inline orifice plates are based on BS-1042. Thc dimensions oftlic 
discharge nozzle were selected to allow comparison with the discharge on lice plate hut 
the inline nozzle dimensions were selected to match the nominal (. 11,11clisions oI'llp ýjjjd 
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Plate 3.1: Test Section 
down stream pipe diameters. The end of the test section was completed with a custom 
built flange allowing the relatively quick installation of any of the discharge 
components. 
FLANK AS KR KTAIL 
FOR cuumm nmaE 




; PP CONNECIOR 
FLAP= AS Ffft 
FOR dsm GE 
I rW 
go w. d. 2 22 U. OMS on alffro F"nsum TAP . 4. 
4" COWER TUK e/W + Imin OIL PKSSM TAP V 'p, 1; 2 
1V4 DSPP CONKCTOR 
Figure 3.5: Discharge Test Components 
80 
dlmm PMnSA VAP 9/0 
DOM MM TAPPED TD StAT 
1/4" OSPF CONNM7M 
FLANK AS FM KTAIL 
FOR MEM FLANGE 
I 
3.4.3 Momentum Measurement 
The momentum flux of single and two-phase flows was measured by locating an 
impingement plate, or target, above the discharge point of the test section. As the two- 
phase flow discharged from the test section it was turned through 900 by the target. The 
target was retained in place by a load cell allowing the force due to the rate of change of 
momentum to be directly measured. The behaviour and range of forces encountered 
across the single and two-phase experiments made it necessary to devise two separate 
load cell arrangements. A description of the momentum load cells calibration, 
experimental operation and construction is given in Section 4.5.7 and Figures 4.14 & 
4.15. 
3.4.4 Air-Liquid Separation & Disengagement 
For the continuous operation of the test facility it was desirable that after 
discharging from the test section, the two phases be separated, allowing the liquid phase 
to be returned to the supply tanks for re-circulation. To assist in the separation of air- 
water and air-glycerine, a separation tank was installed below the viewing glass to 
collect the discharging mixture. The layout of the separation tank, sketched in Figure 
3.6, included a number of baffles providing a large surface area to collect droplets of 
liquid from the air. A series of holes in the baffles and three 200 mm diameter exhausts 
reduced the velocity with which the air flowed through the separation tank, so as to 
provide more opportunity for droplets to fall out of suspension. A small level tank was 
used to control the liquid level of the separation tank. Adjustments made to the liquid 
level of the separation tank resulted in the flow path of the exiting air being effectively 
restricted to a route passing through all the baffles. 
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to supply tanks 
Figure 3.6: Separation Tank 
Figure 3.7: Slide An-angement 
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Trom test section 
The separation tank provided a means where by liquid droplets could be 
removed from the gas phase. A more difficult problem was the removal of air bubbles 
entrained in the bulk liquid flow of air-glycerine. It was evident from early test work 
that the rate of disengagement of these bubbles would be too slow for a continuous re- 
circulation of the test liquid with out a period of down time allowing entrained air to 
disengage. Initially down times as long as twelve hours were required but two 
modifications were made to significantly reduce this. 
The first modification was the installation of a slide to smooth the delivery of 
test liquid from the separation tank to the storage tanks. The slide assisted in combating 
finther air entrainment from the atmosphere, as the test liquid flowed from the 
separation tank to the supply tanks. The slide, shown in Figure 3.7, was constructed 
from four separate leaf s and formed a zigzag pattern as it made its way from high to 
low level between the separation tank, and the supply tanks. The width and gradient of 
the slide was determined to assist in the thinning out the discharged mixture, enabling 
ftuther air disengagement on route to the supply tanks. A manifold was devised to 
disperse the two-phase mixture evenly across the entire width of the slide. The 
manifold, constructed from a 50 mm diameter PVC tube, was placed horizontally along 
the top of slides top leaf. A series of elongated holes spanning the manifolds entire 
length, the width of which could be varied, provided a degree of control over the 
mixtures descent down the slide. The leaves of the slide were enclosed in Perspex to 
protect the mixture from being contaminated by foreign objects, such as insects and 
work shop dust. The transparent Perspex had the advantage of allowing visual 
inspection of the mixture as it flowed down the slide. 
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'Me second modification was the installation of two 3 kW immersion heaters, 
one in each supply tank. The viscosity of glycerine is strongly dependent on 
temperature. By increasing the temperature of the liquid in the supply tanks, the liquid 
viscosity was reduced allowing an increase in the rate of air disengagement. The 
immersion heaters incorporated thermostats allowing the control of the test liquids mean 
bulk temperature to ±2 'C. 
3.4.5 Test Liquid Storage 
The test facility was operated using two test liquids, water and an aqueous 
glycerine solution. So that the aqueous glycerine solution could be taken in and out of 
service, two 40 gallon storage tanks were housed in the basement. A tee-piece and two 
gate valves on the pump inlet allowed the contents of these storage tanks to be sent from 
the basement tanks to the supply tanks. When the water test liquid was not in service it 
could be drained from the supply tanks to the storage tanks by gravity. To allow water 
to be dumped from the liquid side of the test facility, a drain valve was fitted to the 
lowest point of the re-circulation loop i. e., in the basement on the flow side of the pump. 
3.4.6 Heat Exchanger 
It was desirable to incorporate a heat exchanger in the return line between the 
supply tanks and the pump for two reasons. Firstly the temperature of the test liquid 
would rise during tests due to frictional effects in the test section. 'Mese temperature 
fluctuations, of about 23 or 4 degrees, were enough to significantly alter the viscosity of 
the glycerine test liquid. By controlling the supply of cooling water flowing through the 
tube side of the heat exchanger, the temperature of the test liquid entering the test 
section was carefully regulated. 
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Secondly, the heat exchanger was employed to return the glycerol test liquid 
back to its working temperature after the immersion heaters had been used to clevate 
temperatures for the speedy removal of entrained air. 
3.4.7 Liquid Flow Nozzles 
Figure 3.8 and Plate 3.2 show the 
custom made flow nozzles used to measurc 
the mass flow rate of the test liquid. I licsc 
l'our flo" noz/les located Ljpý, trcam ol'thc 
air-liqUId 1111\Cl- Jild lcllillllý \\c1c 
arranged M jmrillcl mid comiccicd (o thc 
pump discharge by a 50 mm nominal horc 
manifold. In series with each flow nozzlc 
was a globe valve allowing their individUal 
selection or isolation. Flow nozzle one had the largest downstrearn diameter ol'26.02 
mm and the downstrearn diameters of each subsequent flow nozzle reduccd by a ratio of 
2: 1. Pressure taps, 2 mm in diameter were provided immediately up and downstream of 
26.02 
13.6 S, i 48 
6.44 21 28 
05 lqý06 
D TO SUIT 25 OR 20 
B PIPF] AS APPI ICAN H. 
Figure 3.8: Flow Nozzles 
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Plate 3.2: Flow Nozzle,, 
each flow nozzle. Two common 3 mm diameter stainless steel pressure lines linked the 
pressure taps to a single Rosemount 3051 SMART pressure transducer. A6 min hall 
valve positioned at the juncture of each pressure tap allowed the pressure across any one 
of the flow nozzles to be measured in isolation by the pressure transducer 
3.4.8 Air-liquid Mixer & Non-return Valve 
To combine the liquid and air phases an 
air-liquid mixer, shown in Plate 3.3, was custom 
made for this application. A detailed drawing is 
III FIgLII-C 1.9. Air Nýas supplied from (lie 
air receiver to ilic mixer ý ia ýi . 5o nun (Imincier 
pipe. Positioned on the centre line ol'thc air- 
liquid mixer the air supply reduced to 20 nim in 
diameter before entering a mixing chamber. The 
liquid phase was supplied to the mixing 
chamber by two 20 mm diameter pipý-, Iii, 
conical shape ol'a receiving charnbei iiii(mdi 
which the 11(juld phase first passcd cnmircd Ilml 
the liquid pliase evoily dispersed mer the 
full circunillerence ofthe mixing chamber. A 
step change in diameter between a 20 inin Plate 3.4: Non-rcturn Valve 
diameter stub protruding into the mixing chamber delivering the air phase. MILI 1 -16 nim 
exit pipe provided an annulus through which the liquid phase mixed with (lie gas phase. 
The air-liquid mixer was constructed from Brass bar through out. Plate . 3.3 shoxks the 
air-liquid mixer in situ with the 50 mm air supply and the two 20 min diameter liquid 
inlets entering the mixing chamber froin hencath. 
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Plate 3.3: Air-I iom, IMi wi 
To restrict the liquid phase from entering the air supply line, a non-rcturn valve 
was installed upstream of the air-liquid mixer. Plate 3.4 shows the air-liquid mixer 
viewed from above. The non-retum valve lies top left. 
3.4.9 Air Extraction & Venting 
An unanticipated by-product of mixing air and glycerine to produce test 
mixtures was the production of a glycerine laden mists. The process gcncrated Ii nc 
droplets of glycerine suspended in the air-phase which were carried by the air stream 
through the separation tank and discharged to the atmosphere. Although this glycerine 
mist was not at high temperature, its opaque nature did interfiere with fire sensors 
Plate 3.5: Extraction Manil'old 
situated near to the test Cacility. It was 
necessary to install a vent pipe that 
could carry the discharging air to an 
appropriate exit point outside ofthe 
laboratory building. The vent pipe was 
some 12 m long so an extraction I'an 
and rectangular hood were situated at 
the separation tank to assist in moving 
the exiting air to the discharge point. The three 200 mm diameter exhaust vents and 
extraction hood are shown in the foreground ofillate 3.5. The right hand side ol'the 
extraction hood contained an aperture the size ol'which could be adjusted enabling the 
extraction pressure to be balanced with the test discharge prcssure. 
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Figure 3.9: Air-Liquid Mixer 
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Figure 3.10: Test Globe Valve 
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Chapter 4 
INSTRUMENTATION & CALIBRATION 
4.1 Introduction 
Instrumentation was installed on the test facility allowing the measurement of 
liquid and gas mass flow rates, local pressures, temperature, momentum flux and void 
fraction. In addition to in-line instrumentation standalone tests were used to determine 
the test liquid viscosity and density. 
The location of instrumentation is shown in Figure 4.1. Also shown is the data 
acquisition system that was used to electronically log the readings for liquid mass flow 
rate, local pressure and momentum flux. A substantial investment of time was made in 
the development of a data acquisition system and associated software. Ibis was 
considered necessary primarily for two reasons. Firstly it ensured a high level of 
procedural continuity and secondly more reliable steady state data points could be 
generated fi-orn large batches of sampled instrumentation signals. 
Tbree air rotameters were installed to measure the air mass flow rate and four 
thermocouples were installed to measure temperature. The thermocouples were located 
on the test section, calibration loop, by-pass loop and air supply. The delivery side of 
the positive displacement pump and the stagnation air supply pressures were monitored 
by Bourdon gauges. The air rotameters, thermocouples and Bourdon gauges were all 
read manually. 
'Me liquid mass flow rate was obtained using four flow nozzles each sized for a 
different working range. Local pressures were recorded at twelve locations on the test 
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section. Pressure transducers were used to measure the pressure drop across the liquid 
mass flow nozzles and the local pressure taps on the test section. 
Two separate load cell transducer arrangements were employed, one for single- 
phase and one for two-phase tests. Housed at the discharge of the test length the load 
cell transducer arrangements enabled the momentum flux to be measured. 
The void fraction was measured using a dedicated counter housed in a PC and a 
ganuna-my densitometer. Ile software that controlled the counter allowed count rates 
to be automatically logged and stored on the PC. 
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Figure 4.1: Data Acquisition and Instnunentation 
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4.2 Manual Readings 
4.2.1 Viscosity Control & Measurement 
An important aspect of this research was the influence of viscosity on the 
behaviour of two-phase flows. To enable control and accurate measurement of viscosity 
a high specification rheometer was used. The test liquids' viscosity was necessary for 
determining the flow nozzle calibration curves, analysing of the single-phase test data, 
predicting the liquid mass fluxes present in two-phase tests and the analysis of highly 
viscous two-phase test data. 'Me hygroscopic nature of glycerine meant that, over a 
period of days, moisture drawn from the flowing air significantly altered the viscosity. 
The nominal test viscosities of 550,200 and 50 mPas were achieved by the 
addition of water to the glycerine test liquid. The quantity of water was determined 
experimentally by adding the water in two litre increments. After each addition of water 
the test liquid was circulated and then the viscosity was measured. This process was 
repeated until the desired test liquid vispOsity had been reached. 'Me properties of 
glycerine are given in Table C. 6, Appendix C. 
A Carri-Med CSL controlled stress rheometer was used to obtain the shear stress 
of the glycerine test liquid as a fimction of strain rate at specific temperatures. The 
Carri-Med was a stand-alone system that processed individual 30 ml samples. A syringe 
was used to place test liquid samples on the Carri-Med test plate. The temperature of the 
test plate, and thereby the sample temperature, were finely controlled by software 
mounted on an IBM PC. Shear stress values were obtained by driving a cone against the 
sample. The cone rotated on an air bearing mounted spindle. The air bearing ensured 
that the resistance to the rotational movement of the spindle was due to the actions of 
the sample against the cone. The software allowed the generation of files in ASCII 
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format so that the shear stress temperature relationships generated by the Carri-Med 
could be transferred to another system for analysis. 
4.21 Procedure for Viscosity Measurement 
Shear stress responses to strain rate data were generated from samples by the 
Carri-Med. at two degree C intervals over the temperature range of 16 to 40 T. A 
typical result is shown in Figure 4.2. A straight line relationship was found between 
shear stress and strain rate, indicating that the aqueous glycerine test solutions were 
Newtonian i. e., viscosity was independent of strain rate. A temperature viscosity curve 
was then found by plotting the gradients of the shear stress strain rate measurements 
against temperature. A typical result is shown in Figure 4.3. A third order polynomial 
gave a good fit to the resulting curve. 
The viscosity of the glycerine test liquid dropped as the moisture content of the 
glycerine increased. To maintain the viscosity of the test liquid at a high level during 
down time the immersion heaters were set to 5OPC and the temperature of the test liquid 
elevated for extended periods of up to 48 hours. This approach inhibited further 
moisture ingress and assisted in the removal of the water content. A complete set of 
viscosity temperature curves for single and two phase tests is given in Appendix C 1.1 & 
C2.1 respectively. 
4.2.3 Density Measurement 
The regular weighing of a 50 ml density flask allowed the continual monitoring 
of the density of the glycerine test liquid through out its use. Ile viscosity of the 
aqueous glycerine test liquids were nominally 550,200 and 50 mPas corresponding to 
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Figure 4.3: Viscosity versus Temperature of GlycerineTest Liquid Sample 
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Figure 4.2: Shear Stress versus Strain Rate for GlycerineTest Liquid Sample 
4.2.4 Temperature Measurement 
Four K-type thermocouples were located on the test flacility as indicated in 
Figure 4.1 and Table 4.1. The Thermocouples were interrogated using a Comark 
microprocessor thermometer with a discrimination of ±0. I "C. The Comark 
microprocessor thermometer readings were recorded manually during tests. 
couple No. Location Dcscription 
I Upstream of the by-pass loop control valve 
2 Midway along the calibration loop 
3 At the beginning ofthe test section 
4 Down stream ofthe air rotameters 
Table 4.1: nermocouple Assignment 
4.2.5 Air Mass Flow Rate Measurement 
The mass flow rate of air was measured 
by three Fisher-Rosemount Brooks air 
rotarneters situated upstrewn of the air-liquid 
mixer. The rotameters were mounted in pý i r: iIIcI 
using a manil'old arrangenicnt. Gate val \ c, ý, 
upstream ofcach rotanieter, controlled (lie air 
mass flow rate which was indicated as a 
percentage of full-scale by the position ofa 
needle driven by a rotatable magnet located in 
the rear of the rotameter housing. The rotatable 
magnet responded to the movement of another 
magnet situated in the air stream and encapsulated in a float. Thc air rotanictcrs were 
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I'latc 4.1: Aii Kotamctci three 
accurate to ±1.6% of full scale and readings were recorded manually. Plate 4.1 shows 
rotameter three as installed. 
The factory calibrations provided by the manufacturer were carried out at a 
temperature and pressure of 20 T and 1.0 13 bar respectively. Tbese were corrected as 
follows. If nominal volume flow rate for rotameter three was 3.8 m3/h the actual flow 
rate, QACT, for a test conducted at 7.5 bar G and at 20 T would be: 
QACT = Q. 
F; 
t 
where the nominal density, p,,, is: 
p 1.013xlO' A, = "- =-=1.292 kglm3 (4.2) RT 287(0+273) 
The density for the test conditions is: 
pt p=8.033xl0s_ = 9.524 kglm3 RT 287(20 + 273) 
The test volume flow rate, from Equation 4.1 is: 
Fl-. 292 
QACT = Q. 3. %- = 1.4m'lh 
. 524 
The test maximum, full scale, mass flow rate is then: 
M= pQAcr = 13.3 3 kg1h = 0.003 703 kg1s 
The corrected full scale mass flow rates for all the air rotameters are given in Table 4.2. 
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Rotameter Serial No. Manufactures 





1 3809EIlCACAAIAI 0.0039 0.003703 
2 3809EI2CACAAIAI 0.034 0.03295 
3 3809EI4CACAAIAI 0.035 0.326 
Table 4.2: Manufactures and Corrected Full-scale Air Mass Flow Rates 
4.3 Void fraction measurement 
Ile void fraction was measured using a 24'Am. (Americium) isotope as a 
gamma-my source as it was readily available to the project. This collimated low-energy 
source projected a 10 mm diameter beam of good geometry from one end. To measure 
the attenuation of the garnma-my bcam as it passed through a cross section of the flow, 
a system was devised incorporating a photomultiplier tube (PMI) and an electronically 
controlled pulse counter. The final specification of the system included several 
components carefully matched for this application, details of which are listed in Table 
4.3. An electrical configuration for the coupling of the PMT assembly output to the 
























Figure 4.4: Configuration Of Gamma-Ray Densitometer 
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Figure 4.5: Position Locking Assembly for Gamma-Ray Densitometer Carriage 
97 
Item Description Manufacturer 
I Nal(U) crystal I" diameter x1 mm thick assembly c/w 30 
mm 9125 focused photomultiplier. Dark current 0.14 nA 
Hilger Crystals ltd 
2 ADIF I Amplifier-discriminator & current to frequency 
module. 
Electron Tubes Inc 
3 CTI Counter timer board. Counting period accuracy ±1 ps. Electron Tubes Inc 
4 PS2001/12N High voltage modular power. 20 to 2000 V. Electron Tubes Inc__j 
Table 4.3: List of Components, Gamma Ray Densitometer. 
43.1 Installation of Gamma Ray Densitometer 
The system detailed above, normally referred to as gamma-ray densitometer, 
relied on the scintillation properties of a Sodium iodide crystal [Nal(Tl)]. When exposed 
to gamma rays, the crystal emits photons in proportion to the incident rate of the 
ionising source. By counting the photons emitted by the crystal i. e. detected by the 
photo multiplier, the attenuation of gamma rays passing through the test section and its 
contents could be dctennined. The CTI Counter timer housed in the Hewlett Packard 
(HP) PC performed the complex task of interpreting the output signals from the PMT 
and transforming them into a count rate. 
To take void fraction data during two-phase tests the collimated 24 'Am source, 
by means of a locating collar, was positioned directly opposite the PMT assembly. PMT 
and the 24'Am. source straddled the test section and the integrity of their alignment was 
maintained by fixing them both to a carriage which was in turn mounted on a rigid base. 
A manually operated gear driven assembly enabled the entire carriage to traverse the 
test section accurately positioning it at any point. 
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Fo ensure that the carriage could be repeatedly returned to selected locations a 
stop pin and two adjustable blocks where added to the carriage. By locking the position 
of the adjustable blocks the void fraction could be read at one position, moved to the 
extreme of that position determined by the stop pin, and then confidently returned to the 
original position. The void fraction was measured for every two-phase test at the pipe 
centre line and an offset position halfway between the pipe centre line and outer wall. 
For a detail of the stop pin and blocks see Figure 4.5. 
The installation of the gamma-ray densitometer was I'Urther complicated by need 
to adhere to several safety procedures. The biggest concem was scatter gcnerated by the 
ionising radiation source to its immediate 
I'l aIc4.2.1 )c ii sitometer 
,, tirroundmt! s. A 10 mm thick 200 mm squarc 
, cction channel was machined so that it could 
be used as an enclosure for the cntirc PMTmd 
241 Am source. The box section channel was 
secured to the carriage and sloltcd providing 
clearance for the test section to pass through it. 
Plate 4.2 shows the carriage, stop pin and adjustable blocks, locating collar I'Or the 
24 'Am source and the box section channel, in position enclosing the PMT- 
Safe operation of the gamma-ray densitometer required strict adhercnce to 
University health and safety policy guidelines. These were as 11ollows- 
-A mandatory risk assessment ofall working practices and a scheme ol'work to be 
submitted to the University Radiation Protection Supervisor. 
- The attendance of nominated operators to an oificially accredited Radiation 
Protection Course on the safe handling of the ionising radiation sources. 
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- 'Me demarcation of a designated Controlled Area encompassing the test facility with 
appropriate warnings against the entrance of unauthorised personnel. 
- All persons involved in the operation of the test facility allocated with film badges, 
wom on the outer surface of their clothing. 
- The pre and post-test monitoring of radiation levels with in the control area. 
- An appropriate facility for the safe storage of the 
24 'Am source when not in use. 
4.3.2 Commissioning of the Gamma-Ray Densitometer 
A test was devised to commission the gamma-ray densitometer. To begin with a 
background reading was taken using the PMT assembly. A short section of copper pipe 
was then positioned between the 24'Am source and the PMT assembly. The pipe was of 
the same geometry and physical properties as that used to construct the test length. Two 
readings were taken one with the pipe empty and one with the pipe filled with water. 
A 10 mm dimneter rod was then inserted into the pipe. The void fraction created 
by the rod was measured twice. Once with the void empty and once with the void filled 
with water. By measuring the internal diameter of the copper pipe the actual void 





A derivation of Equation 4.3 is given in Appendix A. 2 and a review of void fraction 
measuring techniques is given in Appendix A. 6. Measured and actual void fraction are 
compared in Table 4.4. 
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Void Fraction Measured Void Fraction, Measured Void Fraction, 
Air in void Water in Void 
0.762 0.775 0.779 
Table 4A Void Fraction Commissioning Test. 
433 Procedure for Void Fraction Measurement 
Prior to measuring the void fraction of a two-phase flow, five prc-test 
measurements were required. These five measurements, or 'count rates', were taken on 
a daily basis before any two-phase test and then used when processing all void fmction 
data taken that day. 'Me five pre-test measurements were: - 
1. Background radiation intensity, no source present (c/s). 
2. Intensity of gamma-ray radiation with test section empty, centre-line position (c/s). 
3. Intensity of gamma-my radiation with test section empty, off-set position (c/s). 
4. Intensity of gamma-ray radiation with test section full of liquid, centre-line position 
(c/s). 
5. Intensity of gamma-my radiation test section fidl of liquid, off -set position (cls). 
Having obtained the pre-test measurements two finther count rates were taken 
during each two-phase test. One at the centre-line position and second at the off-set 
position. 
For each of the five pre-test and the two-phase measurements taken at the 
centre-line and off-set positions, the count rate was recorded one hundred times. lbe 
count rates were saved to files with the extension 'PCD' and then transfeffed from the 
lab to another PC for analysis. The count rates were then averaged and the void fraction 
calculated using Equation 4.3. 
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4.4 Data acquisition System 
A data acquisition system was employed to allow averaging techniques to be 
applied to various test signals so as to improve the reliability of data retrieved from the 
test facility. Shown in Figure 4.1, the data acquisition system electronically logged 
liquid flow pressures, local pressures and momentum values. Utilised for single and 
two-phase experiments the data acquisition system was advantageous in the retrieval of 
data points under steady-state conditions. In-house developed software allowed the user 
to designate sampling frequency's and time periods, manipulate stored readings and 
transfer data from the lab to another PC for processing. 
The data acquisition system consisted of a Hewlett Packard (HP) PC and a 
HP3421 A Data Acquisition Control Unit. The control unit provided terminals from 
which individual connections were made to instrument transducers. Table 4.5 identifies 
the channel and the associated instrumentation. Relay switches seated in the control unit 
allowed the computer to select channels and interrogate the voltage difference across the 
terminals of each channel. Channels II and 12 were used for both the momentum and 
the calibration tank load cell transducers. 
Two programs were written in HP Basic to drive the data acquisition system. 
One for calibrating the flow nozzles and a second to record test data values generated 
during single and two-phase experiments. 'I'he HP Basic programming language 
provided special instruction sets to allow the user to easily communicate with the 
control unit. 
The transfer of test data from the data acquisition system was achieved by using 
a standard file format that could be easily interpreted by other PC based software. 
Routines were also developed to display the test data graphically, assisting in decisions 
that were made in situ during test runs. 
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Channel Signal Description & Instrument 
No. Control Unit Voltage Setting 
7 Pressure drop across flow nozzles Rosemount 3051 differential 
0-5v pressure transmitter (basement). 
4 Local gauge pressure Rosemount 2088 gauge pressure 
0- 30v transmitter 
2 In-line component pressure drop Rosemount 3051 differential 
0-30v pressure transmitter (high 
level). 
II Jet Momentum / Front Calibration Tank Transducer load cell I 
0-0.3v 
12 Jet Momentum / Back Calibration Tank Transducer load cell 2 
0-0.3v 
28 0-5v Remote switch 
Table 4.5: Control Unit Channel Allocation & Voltage Settings 
Specifically for the use during two-phase tests, a software routine was developed 
that allowed the program to continuously monitor the quality of the mixture. This 
enabled specific air and liquid mass fluxes to be established before test data were 
recorded. 
A feature employed in both single and two-phase tests was the remote switch. 
As described in Section 4.5.6, local pressure could be measured at various locations on 
the test section. These locations were selected manually by the operation of 1/4" ball 
valves on the pressure line. To enable the facility to be run by a lone operator, the 
remote switch allowed the operator to open and close the valves located at high level 
whilst still co-ordinating the collection of data by the data acquisition system. Complete 
descriptions of the operating procedures to collect experimental data are given in 
Section 5.2 & 5.9 for single and two-phase tests respectively. 
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4.5 Automated Readings 
To enable the flow nozzle pressure drop and the local pressures to be logged 
automatically by the data acquisition system, described in Section 4.4, pressure 
transducers were installed that generated industry standard process control signals. Two 
types of pressure transducers were employed. The Rosemount 3051 differential and the 
Rosemount 2088 gauge pressure transmitters, both operating on a 1-5 V dc, 4-20 mA 
supply. Ile Rosemount pressure transmitters were of a SMART type design. 
4.5.1 Calibration of Rosemount SMART Pressure Transducers 
The Rosemount SMART design of pressure transducer allowed the use of a 
HART Communicator, model 275, to interrogate and alter upper and lower pressure 
limits, units of measurement, and the time constant. Thus forgoing the need to manually 
calibrate the pressure transducer for each new pressure range that each transducer was 
exposed to. 
The pressure reading was represented in mA and was accommodated by a 
Digital Signal based on HART protocol. The protocol allowed a single connection to be 
utilised for the pressure signal, the transducer power needs and communication with the 
HART Communicator. 
4.51 Liquid mass Flow Rate Measurement 
To measure the liquid mass flow rate four flow nozzles were arranged in parallel 
and housed in a manifold affangement. Plate 3.2 shows the flow nozzles in situ viewed 
from above. The flow nozzles were manufactured from Brass bar as detailed in Figure 
3.8. 'Ibe upstream diameters of all the flow nozzles was 50 mm and the down stream 
diameters for nozzles 1,2,3 and 4 were 26.02,13.6,6.44 and 3.5 mm respectively. The 
pressure drop across the flow nozzles was measured using a single Rosemount 3051 
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Smart pressure transducer with a maximum working pressure of 250 bar, a minimum 
span of 12 mm of water and a maximum span of 0.56 bar. The pressures transmitted by 
the transducer were reliable to an accuracy of ±0.2% of full-scale reading. 
The same flow nozzle calibration procedure was used for both water and 
aqueous glycerine test liquids. This calibration procedure involved determining the 
pressure drop against volume flow relationship for the working range of each nozzle. To 
do this, the volume of test liquid flowing through any one nozzle was collected in the 
two calibration tanks. The liquid levels in each calibration tank were converted into an 
analogue signal by a float load cell arrangement. Ibis arrangement, shown in Figure 
4.6, consisted of a cylindrical float held in position by a steel rod. As the liquid level in 
the calibration tank rose the buoyancy force acting on the cylindrical float increased. 
The buoyancy force was converted into an electrical signal by the mechanical action of 
a lever acting against a load cell. 
Figure 4.6: Tank Buoyancy Force Assembly 
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4.53 Calibration of Flow Nozzles 
Each flow nozzle was calibrated using a software routine called LABS5, 
developed in HP Basic, specifically for calibration purposes. The data acquisition 
system, as described in Section 4.4, allowed the routines in LABS5 to record the 
analogue signals representing the liquid levels in the calibration tanks and the pressure 
drop across a selected flow nozzle. 
A typical calibration, for control valves refer to Figure 3.1, began by closing 
control valve C and ensuring that control valves A, B and D were fully open before 
starting the pump. After starting the pump, the 1/4" ball valves on the common pressure 
line and the gate valve immediately upstream of the flow nozzle being calibrated were 
opened. Air trapped in the pressure line was then bled by opening two M 10 plugs 
located at the base of the Rosemount differential pressure transducer. The HART 
communicator was used to set the appropriate upper range value for pressure, URV, in 
accordance with the flow nozzle being calibrated, see Table 4.6. 
The start menu of LABS5 was then used to set the sampling frequency for the 
tank liquid level and pressure drop signals. As the pressure drop across the flow nozzle 
remained relatively constant during a calibration it was not necessary to record as many 
pressure drop signals as liquid level signals. The sample ratio option on LABS5 allowed 
the user to input the ratio of liquid level samples to pressure drop samples. This sample 
ratio raised the resolution of the liquid level sampling to a frequency suitable for the 
faster flow rates. For example, a sample ratio of 1: 1 resulted in 50 samples per minute 
of liquid level and pressure drop signals. This compares with a sample ratio of 10: 1 
giving 2 10 samples per minute of the liquid level signal and 21 samples per minute of 
the pressure drop signal. 
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To establish a flow through the flow nozzle and into the calibration loop, valve 
A, located on the by-pass loop was slowly closed. Once a flow rate was established 
LABS5 was instructed to record. Valve D was then closed so that all test liquid flowing 
through the flow nozzle was collected in the calibration tanks. When the liquid level in 
the calibration tanks reached the over flow the sampling routine was stopped. To allow 
the user to visually check the validity of a calibration, LABS5 generated a graph of the 
liquid level and pressure drop samples against time. From the graph large incidents of 
noise and corrupted data were easily recognised and poor calibration tests repeated. 
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4.5.4 Analysis of Water Test Liquid Calibration Data File 
The above method for sampling the flow nozzle calibration using LABS5 was 
repeated between six and ten times for flow rates spaniiing the entire operating range of 
each flow nozzle. For analysis, the data files generated by LABS5 were transferred to a 
PC. A FORTRAN program called CALIB3, see Figure 4.9 for a flow diagram, was used 
to automatically extract the sampled data. To improve the accuracy of the calibration 
procedure, a routine was employed in CALIB3 to integrate the liquid level and pressure 
drop data using the piecewise quadratic approximation of Simpon's rule. This was 
necessary as the calibration tank had a tapered cross section and the flow rate slightly 
fluctuated over time, as can be seen in Figure 4.7. Ile application of Simpon's rule 
allowed the discharge coefficient for a flow nozzle to be defined by Equation 4.3, a full 
derivation is given in Appendix A. 1; 
CD 
= 
3m V2 V, (4.3) 
2k 222 y (Mt2 + Oy - (Mtl + C)' (Mt4 + Oy - (Mt3 + OT 
Where; 
V= the volume of fluid in the calibmtion tank. 
k= factor derived from the physical properties of the nozzle and test liquid. 
m= the gradient of the regression of the tank height data. 
c= the constant of the regression of the tank height data. 
tI-4 = reference time relating to the volume set points in the calibration tank. 
108 
To apply Equation 4.3 it was necessary to measure the volume of the calibration 
tanks. The total volume of calibration tanks was subdivided into five volumes, each 
designated by a set point. Ile size of each of these smaller volumes was found by 
weighing the calibration tanks contents and recording corresponding load cell 
transducer values. The k factor in Equation 4.3 was derived from the test liquid 
properties and flow nozzle geometry. Discharge coefficients, pressure transducer 
settings and the k factors for the water test liquid calibrations are given in Table 4.6. To 
confirm the accuracy of the electronic calibration system a manual check was made. 
For the manual check a stopwatch was used to determine the time in which the level of 
the test liquid rose in a scaled sight-glass attached to the side of the calibration tanks. 
The increments on the sight-glasses were carefully matched to the five already 
determined smaller volumes. Equation 6.1 & 6.2 were used to calculate the ideal flow 
and the discharge coefficient. 
The accuracy of the calibration of flow nozzle three was checked using a turbine 
meter inserted into the test section in place of the uniform diameter spool piece. The 
flow rate of water circulating through the test section was measured using flow nozzle 
three. Ile measured flow rates were then compared with readings from the turbine 
meter. Figure 4.8 shows the measured volume flow rate against the ideal values for all 















1 26.02 2.4713-05 7475 0.9542 0.9488 
2 13.6 6.5113-06 50000 0.9545 0.96 
3 6.44 1.457E-06 50000 0.8926 0.88 
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Figure 4.8: Flow Nozzle Calibrations Using Water 
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Read file -assign raw load cell signal to data variable IMPORT 
Convert raw pressure transducer data to pressure drop values & 
average them. 
Fit a line of regression to the entire sample, assigning m. &c 
in Equation 4.3. 
Size of data cluster. 
No. of tanks used in calibration, tank used, TTI, M 
Read file --assign raw data to variable IMPORT. 
Fit a line of regression to the data cluster with that set point. 
Calculate Q for partial volume defined by set point, assign FQ. 
Use m&c to calculate equivalent t for set points. 
Calculate first part of Simpon's rule, assign CD. 
Calculate CD for flow nozzle. 
Figure 4.9: Flow Calibration Program 
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4.5.5 Analysis of Aqueous Glycerine Test Liquid Calibration Data File 
The discharge coefficient for the water test liquid flow nozzle calibrations' was 
found to be constant over the full range of mass flow rates for each flow nozzle. Due to 
the high viscosity of the aqueous glycerine test liquids, the flow through the flow 
nozzles was laminar and the discharge coefficients were a strong function of the 
Reynolds number. The same procedure for the water test liquid, as described in Section 
4.5.2, was used to calibrate the flow nozzles for the aqueous glycerine test liquids. The 
k, values used in the CALIB3 for the nominal viscosities of the glycerine test solution 
are given in Table 4.7. 
Nominal viscosity Nominal viscosity Nominal viscosity 
Flow 550 mPas 200 mPas 50 mPas 
Nozzle Density 1260 kgIm3 Density 1235 kgIm3 Density 1190 kgIm3 
0.02602 2.201E-05 2.223E-05 2.26513-05 
0.0136 5.80313-06 5.862E-06 5.972E-06 
0.00644 1.29813-06 1.311 E-06 1.336E-06 
Table 4.7: k, Values For Glycerine Test Solution 
The discharge coefficients generated by CALIB3 were plotted for each flow 
nozzle against the Reynolds number calculated at the flow nozzle throat. The resulting 
discharge coefficient Reynolds relationship was then described using a second order 
polynomial. As the viscosity of the aqueous glycerine test liquids was changeable, the 
flow calibrations were repeated throughout the test programme using current viscosity 
curves. The viscosity of the aqueous glycerine test liquids were nominally 550,200 and 
50 mPas. It was not possible to manually authenticate the electronically retrieved 
discharge coefficients for the viscous calibrations in the same way as that of the water 
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test liquid calibrations. For the water test liquid calibrations a sigbt glass on the side of 
each calibration tanks was used to obtain set volumes. The mte at which the aqueous 
glycerine test liquid rose in the sight-glass was found to be slightly less than that of the 
calibration tanks. To overcome this problem, two markers were inserted in each 
calibration tank. The volume of liquid represented by the two markers was determined 
by weighing the contents of the calibration tanks. A stopwatch was then used to time the 
rise of the liquid level between markers enabling the volume flow rates to be determined 
from the known volume. 











the flow calibrations for each nozzle are given in Figures 4.10 - 4.12. Also included in 
Figures 4.10 - 4.12 is a nozzle theory, described in McNeil et al [ 121] (2000). A 
complete set of flow nozzle calibrations are given in Appendix C1.2 & C2.2 for the 
single and two-phase tests respectively. 
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Figure 4.11: Flow Coefficients for 13.6 mm Diameter Flow Nozzle 2 
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Figure 4.12: Flow Coefficients for 6.44mm Diameter Flow Nozzle 3 
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Figure 4.13: Pressure Readings 
Along the test section, a series of pressure taps allowed the local gauge pressure 
to be measured. The position of these pressure taps is given in Figure 3.2. The local 
pressure taps were connected to a common pressure line terminating, at mid level, with 
a single Rosemount 2088 Smart pressure gauge. This local pressure transducer had a 
maximum working pressure of 10 Bar and had an accuracy of ±0.2% of the full scale 
reading. Ile upper and lower pressure ranges, units of measurement and time constant 
for the local pressure transducer were altered as described in Section 4.5.1 using the 
HART Communicator. 
During testing the Iocal pressure was read using the data acquisition system as 
described for single and two-phase fluids in Section 5.2 & 5.9 respectively. As the local 
pressure fluctuated during the test, it was necessary to determine the number of samples 
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required at each local pressure tap to give a dependable average. Two traces of local 
pressure samples along with the corresponding running averages are given in Figure 
4.13. The samples were taken for an air-water flow at a quality of 0.4 and the equivalent 
air-glycerine flow. 
Ile air-water nmning average stabilises after fifty readings obtained in 15 
seconds but the air-glycerine running average stabilises after around 25 readings. 
Subsequently all local pressure readings for single and two-phase flows were recorded 
taking the average of at least fifty readings, or sampling for at least 15 seconds. 
4.5.7 Momentum Measurement 
Two load cell arrangements were used for measuring the momenturn flux. The 
smaller single-phase flow forces were measured using the arrangement shown in Figure 
4.14 and the larger two-phase flow forces were measured using the arrangement shown 
in Figure 4.15. The single-phase flow approach utilised a fulcrutn, counter weight and 
moment arm to multiply the forces acting on the load cell giving a working range of 0 to 
2 kg. 
For two-phase flows, the target was mounted directly on two adjacent load cells 
dispensing with the moment arm and counter weight. The more robust nature of this 
second arrangement limited the smallest forces it could register to 5N but the design 
was considerably more stable when subjected to two-phase flows. The upper range of 
forces that could be measured by the duel load cell arrangement was 40 N. This was 
extended by the utilisation of a weight adapter as detailed in Figure 4.16. The weight 
adapter was fitted to the end of the targets' shaft allowing a selection of weights to be 
secured to the shaft and in opposition to the force of the discharging jet. This extended 
the maximum measurable momentum force to 100 N. For the successful application of 
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this method, an estimate of the forces that the target would be subjected to was required, 
so that the system could be pre-weighted accordingly. 
4.5.8 Calibration of Momentum Load Cells 
The same method of calibration was used for both load cell arrangements. To 
calibrate the load cell, weights were placed on a cradle suspended from the shaft of 
the target via guide wheels. The guide wheels ensured the force of the weights was 
transferred to the centre line of the target and consequently acting in the same plane as 
that of discharging jet. The calibration required a series of weights to be applied and the 
corresponding load cell transducer readings recorded. A graph was then plotted of force 
against load cell voltage. A typical load cell calibration for the two-phase flow duel load 
cell arrangement is given in Figure 4.17. Tle curve produces a linear relationship 






Figure 4.14: Single-phase Momentum Measurement Assembly 
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Figure 4.15: Two-phase Momentum Measurement Assembly 
00rhM ROUND W 
0101 
Figure 4.16: Weight Adapter 
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4.5.9 Experimental Recording of Momentum Data 
4500 
The data acquisition system, described in Section 4.4, was used to log the 
experimental momentum flux results. For each experimental value of momentum flux, 
fifty load cell readings were recorded and averaged. A plot of momentum flux for an 
air-water and an air-glycerine flow at a quality of 0.4 are shown in Figure 4.18. The 
running averages indicate that around fifty readings are required to obtain reliable mean 
values. 
4000 
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Figure 4.17: Typical Load Cell Calibmtion 
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Figure 4.18: Typical Momentum Trace for a Two-Phase Flow Discharge 
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Chapter 5 
EXPERIMENTAL PROCEDURES & 
COMMISSIONING TESTS 
5.1 Introduction 
The test facility, described in Chapter 3, and the instnunentation, described in 
Chapter 4, were used to obtain single and two-phase test data, the operation of which is 
detailed in four test procedures. The test procedures were developed in the validation 
stages of the test facility and were initially used to obtain single-phase air and water, 
and two-phase air-water commissioning test data. Modifications were then made to 
these test procedures to accommodate the more demanding two-phase highly viscous 
tests. 
To drive the data acquisition system, all testing utilised a suite of software 
routines contained in a programme called TPF2 the flow diagram for which is given in 
Figure 5.1. Single and two-phase commissioning tests gave opportunity for the 
development of this programme allowing the validation of the test facility 
instrumentation when measuring local pressure, mass flow rate and momentum flux. 
Experimental data generated by TPF2 were reduced using a programme called 
Tp_pataý_Creation. 
5.2 Single-Phase Water Test Procedure 
The single-phase water test procedure was used to record local pressures, liquid 
mass flow rates, momentum forces and the pressure drop across in-line components. 
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Test liquid temperature fluctuations were not recorded as these were considered too 
small to effect results. 
5.2.1 Defining Test Specific Operating Parameters 
Prior to any test, the user, by means of a series of menus in TPF2, selected and 
entered the appropriate operating parameters. 'Mese, selections were choice of test 
liquid, water or aqueous glycerine solution, flow nozzle 1,2,3 or 4 and date of test. To 
instigate a test the software was then instructed, via menu three, as to what signals to 
record and the sampling rate to use. T'he options in menu three indicated the operating 
status of the channels on the data acquisition control unit. Figure 4.1 provides a 
schematic of the test facility and instrumentation. The data acquisition system channel 
designation is given in Table 4.5. To initiate the appropriate channels for a typical 
single-phase test, involving the measurement of liquid mass flow rate, momentum force, 
ten local pressures and the differential pressure across an in-line test component, 
required selections in menu three as shown in Table 5.1. 
Option Designation Setfing 
I Flow measurement (ch 7 
_ 
ON 
2 Momentum measurement, load cell one (ch 11) ON 
3 Momentum measurement, load cell two (ch 12) ON 
4 No of local pressure points (ch 4) 10 
5 Number of local pressure samples (ch 4) 50 
6 Number of flow and momentum samples (ch 7,11 & 12) 50 
10 Read com nent pressure drop (ch 2) PO ON 
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5.2.2 Establishing a Single-Phase Flow 
After priming TPF2 for the single-phase test, a single-phase flow was then 
established in the test facility. This was accomplished by closing valve B and opening 
valves A, and C, see Figure 3.1. One of the four flow nozzles was selected by closing all 
the control valves immediately upstream of all other flow nozzles. The pump was then 
started and by slowly closing valve A, restricting the flow through the by-pass loop, a 
single-phase flow was directed into the test section. The upper range values or URVs' 
for the flow and the local pressure transducers were then set using the HART 
communicator. For the URV of the flow pressure transducer see Table 4.6. The URV 
for the local pressure transducer was set to 10% higher than the highest local pressure 
present in the test section at the time of test. 
5.23 Recording Flow Rate and Momentum Data 
After the single-phase flow was established, the flow rate pressure signal 
transducer was bled. The flow rate and momentum values were then recorded by 
selecting option four from menu one, 'Record flow & momentum data'. A minimum 
settling time of thirty seconds was observed to allow steady state conditions to be 
reached and then the sampling was started. After the flow and momentum channels 
were sampled all data was retained in the PC memory. 
5.2.4 Recording Local Pressure Data 
Option five was selected from menu one, 'Record local pressure values'. Before 
the sampling was started with the remote switch, the liquid purge valve on the local 
pressure line was opened, see Figure3.2. With this valve open every local V4" ball valve 
was opened in turn flushing any air from the pressure line and taps. The purge valve 
was then closed and the first V4" ball valve on the pressure line of the test section 
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opened. The remote switch was used to instruct TPF2 routine to sample the local 
pressure. When the local pressure had been sampled indication was given on the PC 
display. This valve was then closed and the next valve on the pressure line opened and 
the procedure with the remote switch repeated. In this all way ten local pressure values 
were sampled along the test section. 
5.2.5 Recording In-line Component Pressure Drop Data 
The pressure drop across either the in-line orifice plate or nozzle, was recorded 
using option ten on menu three of the TPF2 software. In-line component pressure drops 
were sampled as part of the local pressures sampling routine. For example if ten local 
pressures and an in-line component pressure drop were required this function was set to 
'ON' and the number of local pressure drops was set to eleven. See example given in 
Table 5.1. Once the local pressure drop sampling routine was started the eleventh 
sample was made from channel two instead of channel four i. e., the last local pressure 
sample was read from the differential pressure transducer across the in-line component 
at high level and not the local pressure transducer. 
5.2.6 Recording Discharge Component Pressure Drop Data 
When either the nozzle or orifice plate discharge components, were fitted to the 
end of the test section the local pressure was read at a location 122 min upstream of the 
discharge component exit. This pressure tap was connected to the common pressure line 
in the same way as all the pressure taps on the test section. Subsequently the pressure at 
this location was measured in the same way as the pressure at all other locations on the 
test section as described in Section 5.2.4. 
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Similarly an additional pressure tap on the discharge orifice plate, located at 25 
mm. upstream of the orifice, was connected to the common pressure line and the local 
pressure measured as per Section 5.2.4. 
5.2.7 Creating a Data File for Test Data Transfer 
To write accumulated test data to file, option eight from menu one, 'Save data', 
was selected. The user was prompted for a data tag for the file. The tag was three 
characters in length. The save routine automatically generated a file name using the data 
tag and the test date. The file was saved in ASCII format suitable for transfer to another 
PC based system for analysis. 
53 Processing Test Data 
53.1 Extracting Data from Test Files and Calculating Mean Values 
The data files generated by T? F2 were transported from the lab computer to 
another PC for processing. A programme called Tp_Pata_Creation was developed in 
FORTRAN. This extracted the experimental data from the TPF2 generated files and 
automatically calculated the mean value of liquid mass flow rate, local pressures, and 
in-line test component differential pressures, from the sampled values. A flow diagram 
is given in Figure 5.2 for Tp_Pata_Creation. The test conditions and mean values were 
written to a master file by Tp__Pata_Creation, the contents of which were interrogated 
by various Microsoft Excel based spreadsheets during analyses. 
53.2 Converting Voltage Pressure Data to Pascals 
The mean local pressure and liquid mass flow rate values sampled by the data 
acquisition system were stored as voltages. After extracting the data from TPF2 test 
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files using Tp_patak-Creation, these voltages were converted to their Pascal equivalents 
by using Equation 5.1: 
p=Y4UR V(V - 1) (5.1) 
where 'V' is the mean pressure value in volts and the URV is the upper range value that 
was set on the pressure transducer used to record the pressure. For the liquid mass flow 
rate readings, LJRV values are given in Table 4.6. For the local pressure transducer 
readings the URV values were recorded along with the test data by the TPF2 program. 
A derivation of Equation 5.1 is given in Appendix B. 
533 Correcting Local Pressure for Vertical Orientation 
The pressure transducer used to measure the local pressures along the test 
section was located near the in-line test component just over one metre from the start of 
the test section. The vertical orientation of the test section meant that the recorded local 
pressure values needed to be corrected for the effect of the gravitational pressure 
gradient. 
Local pressure values were corrected by adding the product of the height 
difference between the local pressure transducer and the location of the local pressure 
tap and gravitational pressure gradient. The gravitational pressure correction was 
calculated from the gravitational constant and the test liquid density. Table 5.2 gives the 
test liquid densities for water, and the three nominal viscosities of the aqueous glycerine 
solution. For local pressure taps located below the local pressure transducer the 
gravitational pressure correction was positive and for local pressure points located 
above the local pressure transducer the gravitational pressure correction was negative. 
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To assist in the processing of the test data, local pressure taps were identified by 
their relative position to the lowest or first local pressure point on the test section. 
Figure 3.2 gives the positions of all the local pressure taps. Table 5.3 gives the relative 
positions of all local pressure taps to the first local pressure tap. 'Me 'PT' value in Table 
5.3 is the relative position of the pressure transducer to the first local pressure tap. 
Water Glycerine Glycerine Glycerine 
550 mPas 200 mPas 50 mPas 
Density 1000 1260 1235 1190 
(K g/M3) I I I 
Table 5.2: Test Liquid Density 
1 2 3 4 5 6 PT 7 8 9 10 11 12 
Position 
(M) 
0.00 0.25 0.50 0.75 1.00 1.40 1.49 1.90 2.40 2.90 3.40 3.96 4.098 
Table 53: Positions for Local Pressure Correction 
Start 
D. ASSIGN I Read test data file and assign to an affay 
MEAN 
Calculate mean values for liquid mass flow, momentum, local I 
pressure values and void fraction data. 
P. ASSIGN Read test data file and assign test operating 
I parameters to an array 
RECORD Save mean and values and test operating parameters to data 
-T- file. 
End Figure 5.2: Flow Diagram for T? 
-Data-Creation 
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5.4 Single-Phase Water Commissioning Test 
Two single-phase water commissioning test were completed using the data 
acquisition system as described in Section 4.4 and the single-phase test procedure 
described in Section 5.2. Before analyses, the data was processed using the methods 
described in Section 5.3. 
5.4.1 Single-Phase Water Pipe Friction 
Ten local pressures were measured along the test section for a range of liquid 
mass flow rates. The friction factor, fl, of a highly turbulent flow was calculated from 
the Reynolds number using the Blasius equation: 
0.079 
Reo . 25 
(5.2) 
The experimental friction factor was found from the pressure gradient developed 
in a uniform length of pipe. From Equation 2.2 the experimental friction factor is related 
to the pressure gradient and volume flow rate by: 





32Q, ' P, 
17) 
Experimentally the pressure gradient was found from a 'best fit' line to the local 
pressures measured in the test section. Figure 5.3 shows a typical example of local 
pressure plotted against position along the test section, for a water only flow. 
To verify the ability of the test facility to accurately measure the liquid mass 
flow rate and local pressures along the test section, the friction factor was detennined 
experimentally for a range of volume flow rates. As can be seen in Figure 5.4 
reasonable agreement, to with in ±10%, was obtained when comparing the Blasius 
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Figure 5.4: Comparison of Water Friction Factor with Blasius Correlation 
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5.41 Single-Phase Water Pipe Discharge 
To test the reliability of the system devised to measure the momentum flux of 
jets discharging from the test length, as described in Section 4.5.2, a second water only 
commissioning test was carried out. With the pipe discharge component in place, the 
force on the discharge plate was recorded for a range of flow rates. The theoretical 
momentum correction factor C. for turbulent flows is 1.02. The apparent jet force was 
calculated from; 
JAP = mul (5.4) 
where M and u, are the mass flow rate and velocity of the discharge jet respectively. The 
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Figure 5.5: Water Momentum Measurements 
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Difficulty was experienced in obtaining good experimental agreement with 
theory for the momentum correction factor. It was discovered that the distance to the 
target upon which the discharging jet impinges from the pipe exit was an important 
factor. The target also needed to be careftilly aligned with the centre line of the pipe 
exit. A series of pipe discharge tests were performed in order to establish the 
appropriate position of the target. For single-phase water tests the target position was 
determined to be 80 mm above the discharge component exit. 
5.5 Single-Phase Aqueous Glycerine Solution Test Procedure 
The single-phase aqueous glycerine solutions were tested using the same 
procedure that was used for the single-phase water tests, as described in Section 5.2. 
When the single-phase water only procedure was used for aqueous glycerine solutions, 
three further operations were required: 
1. Prior to running the single-phase test a sample from the test liquid was taken and the 
viscosity of the test liquid was measured, as described in Section 4.2.2. 
2. The density of the test liquid was measured, as described in Section 4.2.3. 
3. During single-phase tests the temperature of the test liquid was monitored. The heat 
exchanger was used to control the test liquid temperature to an accuracy of ±2C. 
5.6 Single-Phase Aqueous Glycerine Solution Commissioning Test 
Tbree single-phase aqueous glycerine solution commissioning tests', at the 
nominal viscosities of 550,200 and 50 mPas, were completed. The data acquisition 
system as described in Section 4.4, the single-phase aqueous glycerine test procedure 
described in Section 5.5 and the data reduction methods described in Section 5.3 were 
used. Momentum flux was not measured for glycerine single-phase tests as the forces 
involved were too small. 
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5.6.1 Single-Phase Aqueous Glycerine Solution Pipe Friction 
Ten local pressures were measured along the test section for a range of liquid 
mass flow rates. The theoretical friction factor of a laminar flow can be calculated from 




Similarly to the turbulent flows, described in Section 5.4.1, the experimental 
10.0(m 
friction factor was found from the pressure gradient developed in the test section using 
Equation 5.3. The friction factor as a function of the Reynolds number for the aqueous 
glycerine solution tests is shown in Figure 5.6. 'Me variation of experimental with 
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Figure 5.6: Comparison of Glycerine Friction Factors with Larninar Ileory 
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5.7 Single-Phase Air Test Procedure 
The single-phase air tests were made using the procedure described in Section 
5.2 for water tests. The procedure differed only in the requirement to record the test 
temperatures at the air rotaxneters and at the beginning of the test section. 
5.8 Single-Phase Air Commissioning Tests 
For the air commissioning tests, the data acquisition system as described in 
Section 4.4, the single-phase air test procedure described in Section 5.7 and the data 
reduction methods described in Section 5.3 were used. 
5.8.1 Single-Phase Air Pipe Friction 
For the single-phase air tests the test section was isolated from the by-pass and 
calibration loop by closing valve C, Figure 3.1. All water was drained from the test 
section and air from the air receiver was passed through the test loop for a drying period 
of 30 minutes. 
A Fanno flow test was then conducted by passing air through the test loop, 
recording the air mass flow rate registered by the air rotameters and measuring the local 
pressure at each of the ten pressure taps on the test section. This was repeated for a 
range of air mass flow rates. To ensure that the air flows discharging from the test 
section were under sonic conditions, a pressure transducer was connected to a pressure 
tap located 5 mm from the end of the pipe discharge component. Air mass flow rates 
were adjusted accordingly so that the exit pressure of the discharging air was 
substantially above atmospheric. 
Fanno flow theory allows the Mach number, Ma, at any point, Lc, upstream of a 












where fg is the gas friction factor, y is the isentropic index for air and subscript u denotes 
the upstream properties. As the stagnation conditions at the entrance of the test length 
were known, it was possible to solve Equation 5.6 for the Mach number using a 
Newton-Raphson derived iterative process. Assuming that the local pressure measured 
at the most upstream point is accurate, all subsequent local pressuresq pu, were 
calculated using: - 
P=P. 
Ma 1+ 2 
ma 2 
(5.7) 
Ma 2 u 1+ 
2 
Ma,, 
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Figure 5.7: Air-Only Pressure Distribution 
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Figure 5.7 shows a graph of local pressure against distance along the test length. 
The predicted values were obtained by fitting Equations 5.6 & 5.7 to the experimental 
data. This involved determining friction factors that resulted in the minimum root mean 
square errors between the measured and predicted local pressures. Good agreement was 
obtained with the sonic test data when the empirical value of the friction factor, 0.00391 
gave an upstream Mach number and pressure of 0.39 and 314 kN/m2 respectively. To 
further validate the test data and justify the use of the iterative process, a comparison of 
experimental and predicted air mass flow rate was made. The predicted mass flow rate 
was found from: - 
2 M=P. D; Ma. y (5.8) 
4 
I-iyT-. 
Good agreement was found between the measured mass flow rate of 0.267 kgsýl and the 
predicted mass flow rate using Equation 5.8 of 0.266 kg§". 
5.9 Two-Phase Test Procedure 
The method of logging test data for two-phase flows was similar to that of the 
single-phase procedure described above in Section 5.2. The procedure for two-phase 
tests was more complex as it involved monitoring the phase mass fluxes before and 
during tests, and collating both manually and electronically logged data. Although the 
two-phase tests shared the same data acquisition routines of TPF2 as the single-phase 
test procedures, additional test parameters were required so that the liquid and air mass 
fluxes could be monitored. 
5.9.1 TPF7 Test Parameters Specific to Two-Phase Flows. 
In addition to those test parameters described in Section 5.2.1 for single-phase 
flows, two-phase tests also required the user to supply the rotameter or rotameters in 
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use, the nominal quality being measured, the temperature of the liquid and air phases, 
the test liquid being used, and the upper range value for the local pressure transducer. 
For a description of temperature measurement and the air rotarneters see Sections 4.2.4 
and 4.2.5 respectively. 
5.9.2 Establishing a Two-Phase Flow 
The range of two-phase flows encountered in this research were predominately 
in the annular flow regime. As a result, the procedure described here lead to the quick 
establishment of an annular flow regime in the test section minimising the length of 
time spent in the slugging regime. This was desirable since slugging forces can be 
destructive. 
The same method described in Section 5.2.2 was used to establish the required 
nominal liquid flow rate required. All valves downstream of the air-rotameters on the air 
supply were closed when the compressor was started. An important check made prior to 
turning on the compressor was that the flow from the compressor to the air receiver was 
clear and all valves on route to the air receiver were open. If the test liquid was an 
aqueous glycerine solution the extraction fan, described in Section 3.4.9, was switched 
on before any air was allowed to flow through the test section. With the compressor 
running the air-receiver was charged to a working gauge pressure of 7.5 bar. The gate 
valve controlling the air flow rate through rotameter two was then opened to give a 
reading of approximately 30% of maximum flow. If smaller flow rates of air was 
introduced, or if the valve was opened too slowlY, slugging occurred. After a flow of air 
was established in the test section, a back-pressure was generated against the delivery of 
the liquid phase. This was compensated for by further closure of valve A, increasing the 
pressure on the liquid side. By gradually increasing the air flow rate, while maintaining 
137 
the liquid flow with the operation of valve A, the desired mass flow rate of air and 
liquid was achieved. 
Once a two-phase flow was present in the test section, the flow pressure 
transducer was bled to allow any air that had worked its way into the liquid side to 
escape. 
5.9.3 Monitoring Two-Phase Flow Mass Fluxes 
As the majority of two-phase test required specific test qualities and mass fluxes 
to be present, it was important that these test parameters could be monitored prior to 
recording test data. A routine, option three from menu one of TPF2, 'Monitor Quality', 
was developed for this purpose. This routine relied on the user supplying discharge 
coefficients for the flow nozzles and viscosities for the test liquids. For a description of 
viscosity measurement and the calibration of flow nozzles see Sections 4.2.2 & 4.5.3 
respectively. A menu invoked through the routine was used to instruct the software as to 
the percentage flows on the air rotameters. This menu also allowed the user to enter the 
air-phase temperature and select the flow nozzle in operation. With this information, the 
routine proceeded to sample the flow pressure transducer and calculate the liquid and air 
phase mass fluxes. These values were displayed and the user could instruct the software 
to calculate the required changes in air or liquid mass flow rates to achieve the desired 
quality. When aqueous glycerine test liquids were used this routine also incorporated an 
iteration process to resolve the viscosity, Reynolds number and discharge coefficient 
relationship. 
Once the desired quality and mass fluxes had been achieved the monitoring 
routine was exited. 
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5.9.4 Recording Void Fraction Data 
The data acquisition programme, TTF2, automatically recorded all user defined 
operating parameters on exit. This feature enabled the user to exit TPF2 after 
establishing the desired two-phase mass fluxes, and record the void fraction using the 
procedure described in Section 4.3.3. After recording the void fraction TPF2 was re- 
invoked and all user parameters were reinstated from file. 
5.9.5 Recording Flow Rate, Momentum and Local Pressure Data 
The methods for recording liquid flow rate, momentum force and local pressure 
for two-phase flows, were the same as those described in Sections 5.2.3 & 5.2.4 for 
single-phase flows. An additional complication of recording two-phase local pressure 
drops was the need to purge the pressure taps between recording the local pressure 
values. This was achieved by opening the purge valve to the liquid side to flush the 
pressure tap between every local pressure reading. 
5.9.6 Recording In-line & Discharge Component Pressure Drop Data 
The swne procedures, as described in Sections 5.2.5 & 5.2.6 for the recording of 
in-line and discharge component pressure drops for single-phase water tests, were used 
for two-phase tests. 
5.9.7 Creating a Data File for Test Data Transfer 
At the end of a two-phase test, option eight from menu one was used to save the 
test operating parameters and test data to file, see Section 5.2.7. 
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5.10 Complications Specific to the Recording of Highly-Viscous Two- 
Phase Data 
The use of an aqueous glycerine test liquid presented difficulties that were not 
wholly predicted on the outset of this research. 17hese difficulties effected the 
methodology adopted to retrieve experimental data, and dictated to some extent the 
speed at which data could be generated. Broadly speaking, there were three major issues 
associated with the use of the aqueous glycerine test liquid. 'Ibese were: - 
I- The continually changing viscosity due to the hygroscopic nature of glycerine. 
2. The production of fme mist during two-phase glycerine tests, possibly due to the 
water content of the compressor air. 
3. The entrainment and disengagement of air from the aqueous glycerine test liquid 
during two-phase tests. 
5.10.1 Controlling the Viscosity of the Aqueous Glycerine Test Liquid 
In order to remove unwanted moisture ftorn the glycerine test liquid, immersion 
heaters were used to elevate the test liquid temperature for extended periods, usually 
over night. This process of moisture removal conflicted with the operating requirements 
of the test facility. A fifty minute cooling period was required, after the over night use 
of the immersion heaters, to return the test liquid to the test temperature prior to 
experimental work. Despite the use of immersion heaters the control of the test liquid 
viscosity was not entirely satisfactory as only a limited quantity of moisture could be 
removed from the test liquid. As a result the viscosity of the test liquid altered 
significantly over the course of the highly viscous tests. For example the 550 mPas 
nominal viscosity test liquid varied from 750 through to 420 mPas. 
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5.10.2 Extraction of Glycerine Laden Air 
For reasons not completely understood, the mixing of air with the aqueous 
glycerine test liquid generated a glycerine mist at the separator discharge. Ile presence 
of the mist was difficult to observe at the test section discharge as the view through the 
sight glass was obscured by the discharging liquid-phase. The mist was clearly evident 
in the air phase as it exhausted from the three vents on top of the separation tank. The 
modifications, described in Section 3A. 9, were made so that the air-phase could be 
extracted to outside the building. Subsequently the range of liquid and air mass fluxes 
available that could be tested was limited by the performance of the venting system. The 
maximum mass fluxes that could be tested became subject to the maximum volume of 
air that the extraction fan could handle. 
5.103 The Entrainment and Disengagement of the Air-phase 
Many technical difficulties were encountered over the course of this project. The 
most challenging of these was the problems resulting from the entrainment of air in the 
viscous test liquid. 17hese difficulties incurred the biggest time penalties, further 
protracting an ah-eady demanding test programme. 
The biggest difficulty arose from the tendency of the air-phase to become 
entrained in the viscous liquid phase as this resulted in a down time to allow the 
entrained air to disengage. Section 3A. 4 describes the measures that were taken to 
minimise the opportunity for air to become entrained, and to accelerate the 
disengagement process Le, the leaf slide and the immersion heaters. Despite these 
modifications, significant limitations were imposed on the length of time available to 
log data during a two-phase test. The test liquid could only be circulated once during a 
two-phase test after which it was required to stop the test and allow the entrained air to 
disengage. A window of about 15 minutes existed with in which all local pressures, 
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mass flow rates, momentum flux values and void fraction measurements needed to be 
made. The time frame available for recording data was slightly longer for tests at higher 
qualities as the liquid mass fluxes were lower. 
To accommodate the fmite test time available to retrieve two-phase data, test 
procedures were optimised to speed up their execution. An optimum order of data 
recording was devised and a procedure that minimised the number of trips an operator 
made up the experimental stack during any one test was implemented, thus saving more 
time. Good practice was to establish the desired two-phase test conditions, record flow 
rate and momentum values, exit TPF2, record the void fraction readings, return to T? F2 
and record local pressures and component pressure drops. 
The settling out time allowing air to disengage from the test liquid was in the 
region of twelve hours. The installation of the immersion heaters in the two supply 
tanks, described in Section 3.4.4 reduced this disengagement time to around three hours. 
The immersion heaters in combination with the use of the heat exchangers, enabled a 
maximum of three tests a day to be completed. 
5.11 Two-Phase Air-Water Commissioning Tests 
Several two-phase air-water commissioning tests were done using the data 
acquisition system as described in Section 4.4, the two-phase test procedure described in 
Section 5.9 and the data reduction methods described in Section 53. To ensure that a 
subsonic process path was followed by all two-phase tests it was necessary to determine 
mass flow rates in advance that would give exit Mach numbers of about 0.4. Mass flow 
rates were calculated via application of the homogeneous flow model using air-water 
Properties for the nominal qualities of 0.04,0.06,0.08,0.1,02,0.4,0.6 and 0.8. 
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5.11.1 Two-Phase Air-Water Local Pressure Recording Repeatability 
To verify the methodology of Section 5.9 devised for recording two-phase test 
data, ten local pressures were recorded along the test length for air-water flows for the 
eight qualities noted above. The same water and air mass fluxes were then used to 
obtain a further two data sets for the same qualities. 
By assuming the air-water pressure drop pipe data to be incompressible, 
acceleration effects could be treated as negligible, allowing the two-phase multiplier to 
be calculated from: 
ýýP- = --! 
ý 
- 
Lf-' (I - xyG 
2VIO12 (5.9) 
D 
where, dpldz is the measured pressure gradient, v is the mixture specific volume. Ibc 
liquid friction factorfl, was calculated from Equations 5.2 & 5.5 depending on the 
liquid only Reynolds number. The liquid only Reynolds number was evaluated using 
the Properties of the test liquid and assuming that the test liquid travelled alone in the 
test Section. Assuming a constant temperature for the gas i. e., the gas temperature 
Measured at the air rotamcter exit, the perfect gas law was used to calculate the air 
specific volume at the ten local pressure tap locations on the test section. This allowed a 
mean value for the air specific volume to be calculated, and therefore the air density, to 
be determined. Using the measured void fmction, a, the mixture specific volume was 
calculated from Equation 231. 
A two-phase multiplier was calculated using the Friedel [50] correlation as given 
in Section 2.5.8 and is shown in Figure 5.8 alongwith the two other air-water data sets 
recorded to demonstrate repeatability. At the high qualities there is a large discrepancy 
between the experimental and correlated data but for the ma ority of the data Friedel 
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Figure 5.8: Comparison of Air-Water Data with Friedel [50] Correlation 
To compare the experimental two-phase multiplier with the Chisholm [21 
1.00 
correlation given by Equation 2.40 and Table 2.1, the Martinelli parameter, Y., was 
calculated using Equation 239. The air friction factorfg, was calculated from Equation 
5.2 by evaluating a gas only Reynolds number using the properties of air and assuming 
that the air travelled alone in the test section, allowing the Martinelli parameter to be 
determined using: 
F 
, po 9 fl ZIfg 
As shown in Figure 5.9 reasonable agreement was found between the 
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Figure 5.9: Comparison of Air-Water Data with Chisholm [2] Correlation 
5.11.2 Two-Phase Air-Water Void Fraction Measurement 
1.00 
Void fi-action measurements were made during the two-phase air-water tests of 
Section 5.11.1 the data are shown in Figure 5.10. Equation 4.3 was used to evaluate the 
measured void fraction from the test data. The homogeneous data was calculated using 
Equation 2.66 and the maximum slip data was calculated fi-orn Equation 2.21 using the 
value for maximum slip given by Equation 2.61. 
As expected the measured void fi-action data tends towards the homogeneous 
theory at the higher qualities and falls some where in middle of homogenous and the 
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Single-phase experiments were performed to allow the determination of single- 
phase discharge loss coefficients. The procedure described in Section 5.2 was used for 
all single-phase tests. 
Two-phase experiments were performed for a pipe length, in-line and discharge 
component geometries. In every instance of two-phase testing, the nominal qualities of 
0.04,0.06,0.08,0.1,02,0.4,0.6 and 0.8 were used. All two-phase aqueous glycerine 
solution tests were repeated using air-water equivalent mass fluxes. The two-phase test 
procedure described in Section 5.9 and the void fi-action method described in Section 
4.3-3 were used for two-phase tests. Two-phase test data were processed as per the 
procedure described in Section 5-3. 
6.2 Pipe Length Experiments 
Two-phase pipe length experiments were carried out with the pipe spool piece 
installed in the test section and the pipe discharge component at the test section exit, 
Figure 32. Mass fluxes were selected to ensure subsonic process paths as per Section 
5.11. In addition to air-water flows, three nominal viscosities of 550,200 and 50 mPas 
were tested using aqueous glycerine solutiom 
61.1 Pipe Pressure Drop 
The ten pressure taps along the test section were used to record the local 
pressure for the range of nominal qualities noted in Section 6.1. Figure 6.1 shows the 
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local gauge pressure at each pressure tap location along the test length. All data start at 
a maximum pressure at the test length entrance and then tend towards atmospheric 
pressure at the test length exit. A marked difference can be seen between the pressure 
gradients of the low and high viscosity data. As the viscosity of the test liquid increases, 
so does the pressure gradient. This difference is most pronounced when comparing the 
air-water to the 550 mPas nominal viscosity test liquid data, where the difference in test 
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Figure 6.1: Pipe Length Two-phase Test Data 
611 Void Fraction Data 
The void fraction was measured for all the two-phase pipe length tests at the 
Position indicated in Figure 3.2. 'Me measured void fraction was calculated using 
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Figure 6.2: Experimental Void Fraction 
homogeneous, maximum slip and Chisholm [54] (1972) values are also shown. 'Me 
void fiwfion is at a minimum at the lower qualities and rises to a maximum at the high 
qualities. This trend is followed by all four test liquids. In addition to the void fi-action 
increasing with quality, a second trend is also evident. Across the viscosity range the 
void fraction decreased with viscosity. The air-water tests have the highest void fraction 
and the 550 mPas nominal viscosity test liquid have the lowest void fraction. 
63 In-line Components 
In-line components were tested for single-phase water and viscous conditions to 
allow the evaluation of single-phase discharge and loss coefficients. In every instance 
the pipe discharge component was installed at the test section exit. The nominal 
viscosity of the aqueous glycerine test liquid for both the single and two-phase tests was 
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differential pressure drop across the component This was achieved using the pressure 
taps located as per Figure 3.3. 
63.1 Orifice Plate Single-Phase Tests 
Over a range of mass flow rates, the local pressures up and down stream of the 
in-line orifice plate, and the differential pressure drop across the orifice plate were 




where QAis the actual liquid volume flow rate measured, and Q, is the ideal liquid 
volume flow rate. Iffie differential pressure drop was used to calculate the ideal liquid 
volume flow rate from; 
2 0.2 5; D. qr2 j7. (6.2) 
P, I _(Dd 
Figure 63 shows the discharge coefficients for the aqueous glycerine and water test 
data. The water discharge coefficient has been extrapolated to the lower Reynolds 
numbers to allow comparison. The high viscosity discharge coefficient over this range 
is not constant and the trend is in agreement with that found by Alvi et al [9] (1978). 
Loss and prcssurc drop cocfficients, 0, were calculated using Equation 2.4 and 
these are shown in Figure 6.4. The loss coefficient was calculated from the overall 
pressure drop obtained using the method illustrated by Figure 2.6 and the pressure drop 
coeflicient was calculated fi-om the differential pressure measured across the orifice 
Plate. Below a Reynolds of around 60 the aqueous glycerine test liquid loss & pressure 
drop coefficients vary with Reynolds number. Above this Reynolds number they are 
cOnstant. Ile glycerine loss and pressure drop coefficients were obtained from these 
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trend lines using a power law and are given in Figure 6.4. The water loss and pressure 
drop coefficients, with values of 26-09 and 34.83 respectively, were constant and have 
been extrapolated to the lower range Reynolds number flows for comparison. 
For both high and low viscosity data there is a significant difference between the 
loss and pressure drop coefficients. Measuring the differential pressure drop across the 
flow disruption registered a greater pressure drop than obtained from the up and down 
stream pressure gradients. This is due to an area of pressure recovery directly down 
stream of the orifice plate. In both cases the viscous data starts above the water data and 
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Figure 6.4: In-line Orifice Plate Single-Phase Loss & Pressure Drop Coefficients 
6.31 Orifice Plate Two-Phase Tests 
Two-phase tests with air-water and air-glycerine were performed with the in-line 
orifice plate. The local pressures up and down stream of the in-line orifice plate and the 
differential pressure drop across the orifice plate were measured over the range of 
nominal qualities noted in Section 6.1 
The all-liquid air-water and air-glycerine single-phase pressure drop, ApI., was 
calculated using the single-phase water and glycerine loss and pressure drop coefficients 





The two-phase pressure drop was obtained in two ways. An overall two-phase 
pressure drop was found from the pressure gradients given by the local pressure up and 
down stream of the orifice plate i. e. the method of Figure 2.6. A contracted two-phase 
pressure drop was obtained from the differential pressure measured across the in-line 
orifice plate. Overall and contracted two-phase pressure drops were used to calculate 
overall and contracted two-phase multipliers for air-water and air-glycerine using 
Equation 6.4; 
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Figure 6.5: In-line Orifice Plate Two-Phase Data 
Figure 6.5 shows two-phase multipliers plotted against quality for both test liquids. 
There is little difference between the overall and contracted two-phase multipliers for 
the air-water flows. Towards the higher qualities, the air-water multipliers are 
significantly greater than the air-glycerine multipliers. The all-liquid single-phase losses 
(6.4) 
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determined using the glycerine single-phase pressure and loss coefficient are greater 
resulting in the two-phase losses attributable to the air-glycerine flows decreasing in 
comparison with the corresponding air-water flows. 
633 Nozzle Single-Phase Tests 
The local pressures up and down stream of the in-line nozzle and the differential 
pressure drop across the in-line nozzle were recorded for a range of mass flow rates. 
'Me overall pressure drop was obtained using the method illustrated in Figure 2.6. 
Equations 6.1 & 6.2 were used to determine the discharge coefficient for the aqueous 
glycerine test liquid shown in Figure 6.6. 
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Figure 6.6: In-line Nozzle Single-Phase Discharge Coefficients 
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The loss and the pressure drop coefficients were calculated using the overall and 
differential pressure drops and Equation 2.4. For water tests these were 0.83 and 1.7 
respectively and are shown in Figure 6.7. The glycerine loss and pressure drop 
coefficients, shown in Figure 6.7, were obtained from a power law. Similar to the in-line 
orifice plate, the glycerine loss and pressure drop coefficients vary strongly with 
Reynolds number below a Reynolds number of about 70 and then tend to a constant. 
Unlike the in-line orifice plate, the value of the glycerine loss and pressure drop 
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Figure 6.7: In-line Nozzle Single-Phase Loss Coefficients 
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Two-phase tests with air-water and air-glycerine were performed with the in-line 
nozzle. The local pressures up and down stream of the in-line nozzle and differential 
pressure drop across the in-line nozzle were measured for the range of nominal qualities 
noted in Section 6.1. As per the single-phase test, an overall pressure drop was obtained 
using the method illustrated in Figure 2.6. 
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Figure 6.8: In-line Nozzle Two-Phase Data 
T'he water and glycerine single-phase loss and pressure drop coefficients 
obtained in Section 6.3.3 were used with Equation 6.3 to calculate the all-liquid pressure 
drop. Equation 6.4 was used to determine an overall and contracted two-phase 
multipliers which are shown in Figure 6.8. Unlike air-water two-phase multipliers 
determined for the in-line orifice plate there is a notable difference between overall and 
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contracted values. The overall multipliers are larger than the contracted multipliers 
especially at the higher qualities. The air-glycerine two-phase multipliers are much 
smaller than the corresponding air-water multipliers. Over the range of low Reynolds 
numbers that the two-phase multipliers were obtained the single-phase glycerine loss 
and pressure drop coefficients are very large, resulting in all-liquid single-phase 
pressure drops also being very large. 
63.5 Globe Valve Single-Phase Tests 
The local pressures up and down stream of the globe valve were recorded for a 
range of mass flow rates. An overall pressure drop was obtained using the method 
illustrated in Figure 2.6. Loss coefficients for the water and the aqueous glycerine test 
liquid were detennined using Equation 2.4. The water loss coefficient was 8.67 and this 
has been extrapolated for the lower Reynolds number flows and compared to the 
aqueous glycerine solution loss coefficients in Figure 6.9. From the trend line of the 
high viscosity data the glycerine loss coefficient was obtained using a power law and is 
given in Figure 6.9. Similar in behaviour to that of the in-line nozzle, the glycerine loss 
coefficient is a strong fimction of the Reynolds number at the very low Reynolds 
number flows and then tends to a constant as the Reynolds number increases. 
63.6 Globe Valve Two-Phase Tests 
Two-phase tests with air-water and air-glycerine were perfonned with the globe 
valve. The local pressures up and down stream of the globe valve were recorded for the 
range of nominal qualities noted in Section 6.1. An overall pressure drop was obtained 
using the method illustrated in Figure 2.6. 
The single-phase loss coefficients obtained in Section 6.3.5 were used along 
with Equation 6.3 to calculate the all-liquid pressure drop and Equation 6.4 was used to 
157 









0 10 20 30 40 so 60 70 90 90 100 
Rtysolds number (-) 
Figure 6.9: Globe Valve Single-Phase Loss Coefficients 
multipliers are shown in Figure 6.10. At low Reynolds number, the magnitude of the 
air-glycerine two-phase multipliers is significantly smaller than equivalent air-water 
flows. This is due to the high value of the all-liquid single-phase pressure losses 
predicted using the single-phase glycerine loss coefficient. 
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Figure 6.10: Globe Valve Two-Phase Data 
63.7 Abrupt Enlargement Single-Phase Tests 
For the abrupt enlargement tests the 25 nun nominal diameter settling length and 
test section upstream of the abrupt enlargement were replaced with 20 mm nominal 
diameter equivalents. An abrupt enlargement spool piece was installed in the test 
section and the pipe discharge component at the test section exit. The local pressures up 
and down stream of the abrupt enlargement were recorded for a range of mass flow 
rates and pressure drops were obtained using the method illustrated in Figure 2.6. The 
single-phase loss coefficient, K,,, was calculated from; 
U62 2 P. Pd 
+C!! dL 
ý2 
-+CE E+K, - (6.5) A2p, 22 
where cE, is the kinetic energy correction factor, taken as I and 2 for turbulent and 
laminar flows respectively, and u and d subscripts refer to the up and down stream pipe 
diameter. The water only loss coefficient, calculated from Equation 6.5, was found to be 
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0.27 and is shown extrapolated to the lower Reynolds number flows with the high 
viscosity data in Figure 6.11. 
63.8 Abrupt Enlargement Two-Phase Tests 
Two-phase tests with air-water and air-glycerine were perfonned with the abrupt 
enlargement. The local pressures up and down stream of the abrupt enlargement were 
recorded for the range of nominal qualities noted in Section 6.1. An overall pressure 
drop was obtained using the method illustrated in Figure 2.6. 









shown in Figure 6.12. IMey follow a similar trend to that of the in-line orifice plate and 
globe valve. Some air-glycerine data points have been omitted, qualities 0.04 - 0.1. 
These data points are questionable as they suggest the pressure drop is negative. 
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Figure 6.12: Abrupt Enlargement Two-Phase Data 
o air-water data 




6.4 Discharge Components 
0.9 
Discharge components were tested for single-phase water and viscous conditions 
to allow the evaluation of single-phase discharge coefficients. 
Single and two-phase tests were carried out with the pipe spool piece installed in-line 
and the discharge nozzle component fitted at the test section exit. 
6.4.1 Discharge Nozzle Single-phase Tests 
The static pressure, located at a point 123 mm from the discharge nozzle exit, 
was recorded over a range of mass flow rates using glycerine solutions with nominal 
values of viscosity of 550,400,200 & 40 mPas. The discharge coefficients were 
calculated using Equations 6.1 & 6.2 and are shown in Figure 6.13. The water only test 
discharge coefficient was found to be 0.955, where as the glycerine solution discharge 
coefficients were found to vary with Reynolds number. Ile behaviour of glycerine 
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flows was similar to the behaviour observed during the calibration of the flow nozzles 
described in Section 4.5.5. 











can be seen to adhere to the same trend line as they climb towards the value of the water 
discharge coefficient. There is a discrepancy in the 40 mPas nominal viscosity data. 
Difficulties experienced with the monitoring and controlling of the test liquid viscosity, 
described in Section 5.10, may have lead to a mismatch of the flow nozzle cal ibration 
data and viscosity readings. With out an opportunity to repeat the 40 mPas single-phase 
test it was not possible to confirm this as the cause of the error. This error is isolated to 
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Figure 6.13: Discharge Nozzle Coefficient versus Reynolds Number 
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Figure 6.14: Discharge Nozzle Two-Phase Data 
Two-phase nozzle discharge tests were performed and like the single-phase 
tests, the static pressure was measured at the pressure tap3.5 mm from the discharge 
nozzle exit. To ensure that the two-phase flows remained in the subsonic region the 
pressure was monitored at a pressure tap located 3 mm from discharge nozzle exit. An 
atmospheric pressure reading at this location indicated a subsonic discharge. Subsonic 
data were recorded for three nominal values of the glycerine solution viscosity, 550 200 
& 100 mPas, over the range of qualities noted in Section 6.1. The measured two-phase 
multipliers of Figure 6.14 were calculated using Equation 6.3 & 6.4 using the turbulent 
single-phase loss coefficient for both air-water and air-glycerine flows. At the higher 
* air-water data 
* air-glycarine 100 mPas A 
* air-glycerine 250 mPas 
L 




qualities the two-phase multipliers can be seen to increase with increasing viscosity. 
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6.43 Orifice Plate Single-phase Tests 
With the discharge orifice component fitted at the test section exit, single and 
two-phase orifice discharge tests were performed. Ile static pressure, located at a point 
25 mm from the discharge orifice exit, was recorded over a range of mass flow rates. 
The discharge coefficient was calculated using Equations 6.1 & 6.2. For the water only 
test the discharge coefficient was calculated as 0.644 and is shown as the solid line in 
Figure 6.15 extrapolated to the lower Reynolds numbers of the glycerine data. The 
glycerine discharge coefficients are not constant. 'Mey start below the value of the water 
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Figure 6.15: Comparison of Discharge Orifice Plate Water & Glycerine Data 
number increases. This is a different trend to that obtained for the in-line orifice plate in 
Figure 6.3. This is Probably due to the in-line discharge jet interacting with the other 
fluid and the formation of the vena-contract being delayed. 
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6.4.4 Orifice Plate Two-phase Tests 
For a glycerine solution with a nominal viscosity of 450 mPas, two-phase orifice 
discharge tests were performed for the range of nominal qualities noted in Section 6.1. 
The static pressure was measured at the pressure 25 nun from the discharge orifice exit. 
The measured two-phase multipliers of Figure 6.16 were calculated using Equation 6.3 
& 6.4 using the turbulent single-phase loss coefficient for both air-water and air- 
glycerine flows. The magnitude of the air-glycerine two-phase multipliers is greater 
than that of the air-water two-phase multipliers. However, it should be noted that the 
air-water mass fluxes are between 60 and 50% less than that of the air-glyccrine mass 
fluxes. 
7W I 
o air-water data goo 
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Figure 6.16: Orifice Discharge Two-Phase Data 
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Chapter 7 
DATA ANALYSIS & MODEL COMPARISON 
7.1 Introduction 
An initial assessment of the data presented in Chapter 6 has been made using 
flow pattern maps. This relatively simple method gives an indication of the flow regime 
that the high viscosity data may have been obtained in. Experimental data was 
subdivided into two data groups; flow through a straight pipe and flow through pipeline 
components. They were analysed separately. 
The analysis of the data taken for flow through a straight pipe required the 
evaluation of local film properties. This was achieved by assuming that all the flows 
could be adequately described by an annular flow model and applying a data reduction 
procedure that enabled the evaluation of the experimental values of wall shear stress, 
interfacial shear stress, liquid film thickness and interfacial friction factor. Comparisons 
have been made between the experimental film properties obtained for air-water and air- 
glycerine flows with nominal viscosities of 50,200 and 550 mPas and established 
correlations. Experimental pressure drops were compared to the Chisholm [56] (1983), 
C&B coefficient methods and the correlation of Friedel [50] (1979). Also applied were 
publications particular to the annular flow regime produced by Asali et al [95] (1985), 
Fukano & Fundcawa [96] (1998) and Ambrosini et al [98] (199 1). 
The data for the in-line components were compared to correlations 
recommended by ESDU [117] (1989) and the homogeneous and maximum slip flow 
models. Also, the annular flow model derived for the pipe flow data was applied to the 
in-line and discharge components data to assist in the application of the compressible 
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flow method of McNeil [ 118] (2000). For the discharge nozzle and orifice plate the 
effects of wall shear stress were investigated. 
7.2 Flow Pattern Maps 
Although visualisation of flow patterns was not an objective of this study, it was 
important to ascertain the nature of the two-phase flows. Experimental data for the inlet 
and outlet of the pipe length tests were plotted on the flow pattern maps of Hewitt & 
Roberts [37] (1969) and Baker [43] (1954) in Figures 7.1 & 7.3 respectively. Only inlet 
conditions were used for the in-line and discharge components data plotted on the flow 
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Figure 7.1: Flow Map of Hewitt & Roberts [37], Pipe Length Data 
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Figure 7.2: Flow Map of Hewitt & Roberts [37], Pipeline Components Data 
The noticeable displacement between inlet and outlet data of the pipe length 
data, Figures 7.1 & 7.3, is greatest with the highest viscosity i. e., 550 mPas. This 
displacement is attributable to the large pressure drops that occur in the high viscosity 
tests, resulting in equally large changes in gas velocity and density. Encircled data 
points indicate conditions where the load cells were subjected to a high degree of 
vibration. All of the encircled data ought to be located within the slugging regime. Some 
of them fall in the annular flow regime, suggesting a movement or shift in the regime 
boundaries due to high viscosity effects. This is more evident on the Hewitt & Roberts 
[3 7] flow pattern map, Figure 7.1, where all data are located in the annular flow regime. 
Furukawa & Fukano [42] (200 1) found that there were no flow pattern maps 
derived for high viscosity vertical flows and evaluated the applicability of the Baker 
[43] flow pattern map, originally derived for horizontal flows. Furukawa & Fukano [42] 
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concluded that the froth-annular boundaries of the Baker [43] flow map to be 
1000.0 
reasonably reliable, irrespective of the pipeline orientation. Data plotted on the flow 
pattern map of Baker [431 Figure 7.3, does generally adhere to the prescribed regime 
boundaries. A certain amount of discrepancy is evident where the location of data points 
at the lower qualities span the bubbly and dispersed boundaries. Considering that the 
viscosity of the test liquid used by Furukawa & Fukano [42] when assessing the Baker 
[43] flow map was in the region of 15 mPas, this discrepancy demonstrates that high 
viscosity fluids produce flow boundaries that are different to their low viscosity 
counterparts. It is not possible from this study to accurately determine the degree to 
which high viscosity alters the flow pattern boundaries. What is illustrated by these flow 
pattern maps is that the majority of test data were recorded in the annular flow regime. 
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Figure 73: Horizontal Flow Map of Baker [43], Pipe Length Data 
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7.3 Analysis of Pipe Length Data 
Tle data reduction and analysis procedures described in this section were 
applied to the data obtained for the pipe length experiments detailed in Section 6.2. This 
is the same procedure employed in McNeil & Stuart [ 122] (2003). 
73.1 Data Reduction Procedure 
To evaluate the local properties of wall shear stress, interfacial shear stress, 
liquid film thickness and interfacial friction factor, a data reduction procedure was 
devised. Ile procedure was based upon four assumptions; 
1. The fluid flow could be described by an annular flow model that involved 
entrained liquid travelling at the gas velocity. 
2. Accelemtion effects in the liquid film could be neglected. 
3. The method of Ambrosini et al [98] could be used to evaluate the liquid film 
thickness. 
4. The gas-phase flowed isothennally and could be treated as a perfect gas. 
Describing the fluid flow using an annular flow model enabled local film 
properties to be detennined once the corresponding values of the entrained liquid 
fraction had been set. For a given value of entrained liquid fraction, all corresponding 
local flow properties at a given position in the test length could be detennined using an 
iterative procedure. Film properties were evaluated by finding the values of the wall and 
interfacial shear stress, r,, and ri, that provided a solution to nine simultaneous 
equations. 
From an initial guess of the wall and interfacial shear stresses and the film 
thickness, the characteristic shear stress, r,, was calculated from; 
(r, + 2r. ) 
3 (7.1) 
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The pre-set entrained liquid fraction, 'E' was then used to calculate the specific volume 
of the core flow, v,,; 
(x vg + E(I - x)v, (7.2) (x + E(I - x» 
the core mass flux, G,; 
ý= 
4(Mg + EMI) 
(i. ' 7r(D - 2gy 
(7.3) 





Assumption number three allowed the non-dimensional film thickness, 5'1, to be found 
from liquid film Reynolds number using the correlation of Ambrosini et al [98]; 
BRe' #I (7.5) 
where the coefficients B and n are defined for film Reynolds numbers less than 1000, 
i. e., laminar flows, as 0.34 and 0.6 respectively and for film Reynolds numbers greater 
than 1000, i. e., turbulent flows, as 0.0512 and 0.875 respectively. The liquid film 
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Figure 7.4: Variation of Local Pressure Along Test Lengdi 
Following assumption number four, the differential of the perfect gas law gave; 
dp p 
d v.. vg 
second order quadratic was used to provide a 'best-fit' of the ten local pressure readings 
taken along the test length. Figure 7.4 shows a typical curve and 'best fit' equation for 
the air-water values for a nominal quality of 0.04. Appendix E contains the constants for 
all other air-water and air-glycerine tests. The pressure gradient, dpldz, was obtained at 
any pipeline location by differentiating the quadratic equation. 
X air-water - quality 0,04 
p= 349.3 1 z2 - 11714z + 41416 
(7.7) 
Using the pressure gradient and Equation 7.7, and assuming the axial variation in the 
entrained liquid to be negligible, the specific core volume gradient, dvldz, could then 
be defmed by; 
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dv, x dvg dp (7.8) j- = (x + E(I - x» dp dz 
By neglecting the acceleration effects in the film flow, assumption number two, 
the momentum equation for the film can be written as; 
+ ýýP- + -L 3 (7.9) 
(dz 
v,, 
The corresponding momentum equation for the core flow is; 
ri = 
(ýýp 
_ _L _ G, 2 
dv, (D - 28) (7.10) 
dz v, dz 4 
Derivations of Equations 7.9 & 7.10 are given in Appendix A. 3 & A. 4 respectively. 
A solution to Equations 7.1 to 7.10 was found by an iterative process that 
systematically altered the value of the wall shear stress until the outcomes of Equations 
7.9 & 7.10 agreed. 
7.3.2 Determination of Entrained liquid Fraction 
The iterative process defined in Section 7.3.1 can only be employed to generate 
local conditions from the data if the entrained liquid fmction for the point of application 
is known. The entrained liquid fraction for each pipe length test was determined at the 
test length discharge by considering the measured momentum flow rates. An initial 
guess of the entrained liquid fraction allowed the liquid film thickness to be determined 
using the iterative process of Section 7.3.1 applied to the pipe exit. The calculated liquid 
film properties where used to solve Equations 7.14 to 7.17, allowing the momentum 
force to be calculated from Equation 7.13. A further iterative loop was devised that 
consequentially altered the value of entrained liquid fmction and recalculated the liquid 
film properties, by resolving Equations 7.1 to 7.10, until the values of the calculated and 
measured momentum forces agreed. 
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The values of entrained liquid fmction used to initialise this loop were either, for 
the air-water flows determined from the correlation of Govan et al [59] (1988), or for 
the air-glycerine flows assumed to be zero. The entrained liquid fraction at the test 
length discharge for the air-water and all three air-glycerine flows are plotted against the 
superficial gas velocity in Figure 7.5. Ile entrained liquid fmction for the viscous liquid 
is represented by; 
FE Gu 
--::: He i--E 
Table 7.1 contains the constants G, and H, for each of the three glycerine 
12 
1.0 







In 0 op 
ooo 
or 
1410 + Air-water 
13 550 mpas 
+ 
A 200 mPas 
op 00 *. 0 50 mpas 
--- 550 mPas correlation 
200 tnPas correlation 
1: 3 . Op 50 p l i m as corre at on 
0 20 40 60 80 100 120 140 
Superficial gas velocity (nVs) 





50 0.0546 0.141 
200 0.0245 0.188 
550 0.0292 0.127 
Table 7.1: Entrained Liquid Fraction Extrapolating Coefficients 
733 Validation of Entrainment Correlation 
The determination of the entrained liquid fraction is reliant on the assumption 
that Equation 7.11 and Table 7.1, based on pipe discharge data, can provide meaningful 
values for the entrained liquid fraction at any position in the test length. The validity of 
this assumption was tested using air-water entrained liquid fractions predicted at the 
pipe exit from correlations and extrapolated to locations along the test length. The same 
correlations were used at the test length locations to evaluate the procedure. A modified 
version of the correlation of Govan el al [59] allowed the comparison to be made. 
Mori & Nakano [99] (2001) noted that one of the effects of viscosity was that 
the onset of liquid entrainment was not singularly dependent on the occurrence of 
disturbance waves. Although liquid entraimnent certainly increased with the occurrence 
of disturbance waves, entraininent was present at all liquid velocities, suggesting that 
the inception of droplets into the gas phase could not be attributed to a critical liquid 
velocity. To better represent the behaviour of the entrained liquid fmction for the range 
of mass fluxes tested when applying the Govan et al [59] correlation, the critical 
Reynolds number was set to zero. Setting the critical Reynolds number to zero allowed, 
in accordance with Pan & Hanratty [78] (2002), the ratio E. I(E - 1) to be used as a 
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modelling parameter. This ratio is shown in Figure 7.6 as a function of the superficial 
gas velocity for the values obtained from the Govan el al [59] correlation. If a second 
order quadratic is fitted to the curve, the resulting entrained liquid fraction equation 
based on the test length exit properties of the air-water data is; 







0 20 40 60 so 100 120 140 160 190 
Superficial gas velocity (nds) 
Figure 7.6: Coffelations of Exit Liquid Entraimnent 
For the ten local pressure measurement locations on the test length, the 
entrained liquid fraction was evaluated using the Govan et al [59] correlation with the 
critical Reynolds number set to zero. For these same ten locations, the gas superficial 
velocity was calculated and used in Equation 7.12 to obtain extrapolated values for the 
entrained liquid fraction. Figure 7.7 is a comparison between these extrapolated values 
and those obtained in-tube using the Govan et al [59] correlation. It can be seen from 
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the graph that all the entrained liquid fractions at any position on the test length are 
predicted to within ± 10%. As the overall pressure drop of the highly-viscous flows is 
largely dominated by the frictional pressure gradient, the effect that the entrained liquid 
fi-action has on the determination of the wall shear stresses is limited. Thus, this level of 
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Figure 7.7: Variation of Predicted with Correlated Entrained Liquid Fraction 
73.4 Calculation of Local Film Properties 
Having devised a data reduction procedure and a modelling equation for the 
entrained liquid fraction, it was possible to evaluate liquid film properties at the ten 
local pressure positions on the test length. For the air-glycerine flows, the coefficients 
given in Table 7.1 were used to calculate the entrained liquid fraction from the 
superficial gas velocity. For the air-water flows the correlation of Govan et al [59] was 
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used to calculate the entrained liquid fraction. The data reduction process of Section 
7.3.1 was employed using these values for the entrained liquid fraction to obtain all 
other liquid film properties. 
Figures 7.8 to 7.15 show the liquid film properties as they vary along the test 
length for all four test liquids. The highest wall and interfacial shear stresses arc found 
in the 550 mPas nominal viscosity tests. At the lowest qualities of the air-water flows 
the shear stresses can be seen to decrease along the test length. Ile opposite is true for 
550 and 200 mPas nominal viscosity where the shear stresses increase towards the test 
length exit. A significant difference in wall and interfacial shear stress is found at the 
high viscosities which decreases at the higher qualities. There is almost no observable 
difference in the wall and interfacial shear stress of the air-water and 50 mPas, flows. 
As would be expected, the highest gas velocities are found at the qualities where 
the gas mass flux is greatest and thus producing the highest slip ratio. T'he gas velocity 
can be seen to increase as the gas phase travels along the test length towards the exit and 
this is most pronounced at the high viscosity flows due to the far greater pressure 
gradients. An increased gas velocity will incur greater interaction at the gas-liquid 
interface and in turn the opportunity for more liquid to become entrained in the gas 
stream will also increase. 
Conversely the effect of increased viscosity on the gas-liquid interface is to 
reduce the interaction of the two-phases and retard the motion of the liquid film leading 
to an increase in the liquid film thickness. It can be seen from Figure 7.5 that the 
glycerine liquid film is less susceptible to becoming entrained in the air phase than the 
water liquid film. This increase in liquid film thickness due to increased viscosity is in 
keeping with Figure 6.2 where the void fraction was observed to decrease with 
viscosity. 
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A liquid film property that was not recorded along the test length was the test 
liquid temperature. Temperature was only recorded at the beginning of the test length 
based on the assumption that the two-phase mixture temperature would not fluctuate 
significantly as it flowed along test length. It can be seen from Figure 4.3 that as little as 
a half degree change in temperature would lead to over a 6% rise in the test liquid 
viscosity. Given that this relatively small change in temperature will have a significant 
effect on viscosity it is then important to establish the temperature changes that may 
occur along the test length. 
If an all-liquid flow is assumed the temperature increase can be calculated from 
the pipe wall friction using the all-liquid pressure drop. For the liquid phases this 
produces at worst a temperature rise of 0.08*C translating to a 1.5% decrease in 
viscosity. This estimate for the change in test temperature is not conclusive as it does 
not allow for the temperature changes in the gas-phase nor the interaction of the two- 
phases. 
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73.5 Prediction of Momentum Flux 
It was not possible to obtain the momentum flux of the discharging jet for all 
qualities. Some qualities exhibited a degree of vibration due to slugging which masked 
the true value of the force being measured by the load cells. Data points where 
significant vibrations were observed arc marked on Figures 7.1 & 7.3. 
The momentum force was predicted using the method of McNeil [57] (1998). 
This employs a momentum correction factor, c., to correct for the assumed velocity 
distribution of the phases. The force J, is calculated from; 
J=c. 'T D2G 2V (7.13) 
4 
where the specific volume, v, is calculated from; 
V= 
(xv, +k(I-x)v, ) 
(x + k(l - x)) 
and the momenttun correction factor is given by; 
c. =(x+k(I-x))(x+(I-x E+ 
(I-E)2 
and the slip ratio, k, and core area fraction, otc, are given by; 
E+ (1-a. ) x V. 
ac a, (I - x) v, 
28)2 
D 
An experimental all-liquid two-phase multiplier was calculated from the 
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the homogeneous and separated flow theories defined by Equations 2.77 & 2.78 
respectively. The value of the slip ratio used in Equation 2.78 for the separated flow 
theory was assumed to be that of maximum slip, i. e., an entrained liquid fraction of zero 
and a slip ratio given by Equation 2.62. 
For all the qualities above 0.1 the air-water data of Figure 7.16 is represented 
well by the homogeneous flow theory. Below this quality the homogeneous theory over 
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Figure 7.16: Comparison of Momentum Two-phase Multipliers 
homogeneous theory except for the lower qualities. The data of the 200 & 550 mPas 
flows set a slightly different experimental trend indicating an effect attributable to the 
increasing viscosity of the test liquid. The high viscosity data sits below the 
homogeneous theory values for all the qualities except the very highest, suggesting that 
1.00 
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the air-glycerine has a lower entrained liquid fmction than that of the equivalent air- 
water flows. This is confirmed in Figure 7.6. 
7.3.6 Void Fraction 
The annular flow model adopted in Section 7.3.1 is based on the work of 
Ambrosini et al [98]. In Figure 7.17 the void fraction as detennined in Section 7.3.1, 
labelled as Ambrosini et al, demonstrates good agreement with the measured void 
fraction. A common method used to predict void fraction is the correlation of Premoli et 
al [58] (1970) which was derived from low viscosity data. As can be seen from Figure 
7.18, the Premoli et al [58] correlation does not perform well for the high viscosity 
flows. Void fraction can also be calculated using the C parameter method of Chisholm 
[56] (1983), Equation 2.38. The 'multiplier' data shown in Figure 7.19 is for aC 
parameter value of 25 and was calculated using; 
a=l- - V-01, 
Agreement with the experimental data is again poor. 
The void fraction correlations of Chisholm [ 104] (1962) and Fukano, & 
Furukawa [96] (1998) were derived from viscous data sets. A comparison of these two 
correlations is given in Figure 7.20. The Chisholm [ 104] correlation poorly predicts the 
void fraction for the high viscosity flows but does perform well over the viscosity range 
from which it was derived i. e., 1- 267 mPas. The Fukano & Furukawa [96] model 
performs markedly better than the correlations of Premoli et al [58] and Chisholm [104] 
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Figure 7.17: Variation of Predicted & Measured Void Fraction (Ambrosini et al [98]) 
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Figure 7.19: Variation of Predicted & Measured Void Fraction (Chisholm [56]) 
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Figure 7.20: Variation of Predicted & Measured Void Fraction 
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73.7 Pressure Drop Measurements 
Ile C parameter is a common method of two-phase pressure drop prediction and 
is given by Chisholm [56] (1983) and discussed in Section 2.5.11. To compare this 
method with the experimental data, the Martinelli parameter and the liquid-only two- 
phase multiplier were calculated from Equation 2.39 & 2.40 respectively. Figure 7.21 
contains data evaluated using three values of the C parameter, 10,21 and 25. The 
experimental values for the liquid-only two-phase multiplier shown in Figure 7.21 were 
calculated using the wall shear stress values determined using the method of Section 
7.3.1. For the liquid phase flowing alone in the pipe the corresponding two-phase 
multiplier is given by; 
2r 
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Figure 7.21: Comparison of Predicted & Measured Two-phase Multiplier 
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Recommended values for the C parameter are given in Table 2.1. Figure 7.21 
shows that the air-water data, which is all turbulent-turbulent, is mostly correlated by a 
C parameter value of 21 as expected. Good agreement is also observed for air-water 
data by using aC parameter of value 25. This is not unexpected as Chisholm & Laird 
[123] (1958) reported correlating air-water flows in a 27 mm diameter vertical pipe 
using aC parameter value of 26. 
The viscous data, which is all turbulent-larninar, is not coffelated by the advised 
C parameter value of 10, Table 2.1, but is better correlated with a value of 25. The poor 
correlation of the air-glycerine data suggests that the C parameter method only 
extrapolates to high viscous flows if the C value is not altered. A further method of 
Chisholm [121] (1973) is the B coefficient method. The B parameter, defined by 
Equations 7.21 & 7.22, is compared with the experimental data in Figure 7.22. 









The experimental values of Figure 7.22 were calculated by considering all the 
fluid as having the physical properties of the liquid phase giving the equivalent single- 
phase frictional pressure gradient as; 
(dp 2flo 2 
-= ulos (dz), Dy, 
(7.23) 
Also shown in Figure 7.22 is the correlation of Friedel [50] (1979) which is 
discussed in Section 2.5.8 and recommended as the best generally applicable correlation 
by Whalley [ 17] (1987). The air-water data is predicted well but the correlation 
significantly over-predicts the magnitude of the two-phase air-glycerine multiplier with 
the size of the error increasing with test liquid viscosity. This is not unexpected as the 
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Figure 712: Comparison of Predicted & Measured Two-phase Multiplier 
7.3.8 Interfacial Friction Factor 
The values for the measured interfacial shear stress evaluated in Section 7.3.1 
were used to determine an experimental value for the interfacial friction factor. Tle 




The experimental interfacial friction factor is compared to the methods of Fukano & 
Fundcawa [96] (1998) and Ambrosini et al [98] in Figure 7.23. The Fukano & 
Furukawa [96] method successfully mirrors the trend of the measured values and 
3.0 
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test liquid increases. The method of Ambrosini et al [98] is prone to over prediction but 
performs considerably better than Fukano, & Furukawa [96] method over the higher 
viscosity range. 
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Figure 7.23: Predicted & Measured Interfacial Friction Factor 
7.3.9 Conclusions 
The inclusion of viscous liquids, 50 mPas viscosity or greater, in a two-phase 
pipe flow will have significant and observable effect. The viscous nature of the liquid 
phase leads to appreciably higher shear stress and pressure drops. The degree to which 
these properties increase is directly related to the viscosity of the liquid component. 
When applied to viscous flows, methods normally employed to predict the flow 
properties for air-water flows become inaccurate and unreliable. 
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It was necessary to establish the liquid enh-ainment fraction of the high viscosity 
flows from the experimental data using the annular flow model. Although the derived 
values were verified, the resulting entrainnient correlations are specific to these tests 
and cannot be generally applied. The mechanisms of entrainment are not clear and none 
of the existing approaches are sufficient to accommodate the gas-liquid interactions 
present in a viscous flow. 
Levels of liquid entraimnent were found to decrease with increased viscosity, 
and this observation was supported by the momentum flux two-phase multipliers. The 
experimental values were located below that of the homogeneous model indicating 
decreasing values of liquid entrainment. The homogeneous model provided the best fit 
for the majority of the momentum flux data. 
Void fractions were best predicted by the film method, based on the work of 
Ambrosini et al [98] and used in the annular flow model. When predicting the frictional 
pressure drop of high viscosity flows the best agreement was obtained by using the 
Chisholm [56] method with aC parameter of 25. Interfacial friction factor was most 
consistently predicted by the correlation of Ambrosini et al [98], although the 
agreement was poor. 
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7.4 Pressure Loss Due to In-Line Components 
Existing correlations were compared with the in-line components, experimental 
data. Two-phase multipliers were determined using ESDU [117] (1989) 
recommendations, homogeneous and separated flow assumptions and the method of 
McNeil [ 118] (2000). 
To apply the method of McNeil [1181 film properties were evaluated upstream 
of the in-line components at a location of 1.2 m, Figure 3.2. 'Mese film properties were 
obtained using the annular flow model described in Section 7.3.1. The application of the 
annular flow model data reduction procedure required knowledge of the wall shear 
stress and the entrained liquid fraction. Wall shear stresses were obtained from the 
experimental pressure gradient. The entrained liquid fraction for the air-watcr flows was 
determined using the correlation of Govan et al [59]. It was assumed that pipe length 
constants, 'G' & 'H' of Table 7.1, could be used to obtain the entrained liquid fraction 
for the air-glycerine flows. This assumption was justified on the basis that the constants 
of Table 7.1 were evaluated under similar flow conditions to those of the in-line 
components. 
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7.4.1 Void Fraction 
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properties. Figure 7.24 shows the predicted against measured void fraction for all the in- 










7.4.2 In-line Orifice Plate 
Figure 7.24: Variation of Predicted & Measured Void Fraction 
Equation 2.21 was used to determine the void fraction from the calculated film 
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The single-phase loss coefficient data of Section 611 was compared to the 
method of Hooper [7] (1981), Equation 2.5. Figure 7.25 shows that the correlation of 
Hooper [7] produces the correct trend but the magnitude is far too great. When 
compared to the work of Edwards et al [10] (1985), the turbulent and laminar 
experimental loss coefficients of Figure 7.25 show some disagreement. Edwards et al 
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Figure 715: In-line Orifice Plate Single-Phase Loss & Pressure Drop Coeff icicnts 
19 at loss coefficients of 2.6 and 41.5 for orifice plates with diameter ratios of 0.577 and 
0.289 respectively. 
The two-phase data of Section 6.3.2 was first compared to the method of ESDU 
[117]. To determine the two-phase pressure drop across the orifice plate Equation 6.4 






OL ++x (7.25) 
The predictions of the ESDU [117] method are shown in Figure 7.26 along with 
two sets of air-glycerine data points designated laminar and turbulent. The laminar air- 
glycerine data points were obtained as described in Section 6.3.2 using the single phase 
glycerine loss coefficient given in Figure 7.25. To obtain the turbulent air-glycerinc data 
the single-phase loss pressure loss, Apk, was calculated using the single-phase loss 
coefficient, 0, for water also shown in Figure 7.25. 
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At the lower qualities there is good agreement between the ESDU [117] method 
and the data for both the air-water and air-glycerine but at the higher qualities the 
agreement is poor for both the water and the laminar and turbulent glycerine data. 
Two-phase multipliers were also calculated based on the assumptions of 
homogeneous and separated flow. Using the homogeneous specific volume defined as; 
Vh = XV9 + (I - X)Vý (7.26) 
the homogeneous two-phase multiplier was calculated from; 
(7.27) 




-- + (7.28) 01'. t -( (1 - a) 
where the void fraction is given by Equations 2.21 & 2.62. 
Figure 7.26 shows the resulting homogeneous and separated flow two-phase 
multipliers for both air-water and air-glycerine flows. The poorest performer is the 
homogeneous theory. This is most notable with the air-glycerine data where the 
predicted two-phase multipliers are much higher than the data and do not follow the 
experimental trend line. In contrast the separated flow theory gives a close fit for all the 
turbulent air-glycerine data except at the very highest qualities but is a poor predictor of 
the air-water data. The laminar air-glycerine data is not predicted by either approach. 
The method of McNeil [1181 for pipeline components with contraction- 
expansion type geometry's was applied to the in-line orifice plate. This slip model 
allowed theoretical contracted and expansion pressure losses to be calculated using a 
programme written in FORTRAN as described in Appendix A. 5. An overall pressure 
loss was found by adding the contracted and expansion pressure losses. 
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The single-phase loss coefficient derived from the water data was used for both 
the air-water and air-glycerine results with Equations 6.3 & 6.4 to obtain the two-phase 
multipliers shown in Figure 7.27. At low qualities the model compares well for both air- 
water and turbulent air-glycerine flows. At the high qualities although the agreement is 
not exact it is an improvement on the methods shown in Figure 7.26. At the higher 
qualities the experimental data may contain compressibility effects and it is only the 
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Figure 7.27: In-line Orifice Plate, Method of McNeil [118]. 
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7.43 In-line Nozzle 
The single-phase discharge and loss coefficients of Section 6.3.3 are plotted 
against Reynolds number in Figures 7.28 and 7.29 respectively. Figure 7.28 shows the 
theory of McNeil et al [120] (2000) in good agreement with the glycerine data. 
In Figure 7.29 an unmodified and modified form of McNeil et al [ 120] is 
compared to the measured loss coefficients. To obtain the curve that agrees best with 
the experimental trend the method of McNeil et al [120] was modified by incorporating 
two further losses in addition to those incurred by the conical section of the in-line 
nozzle. 'Mese were the losses due to the abrupt enlargement down stream of the nozzle 
section, calculated from; 
AP/o ý (Ud Cd - Um Cmu 
)2PI (7.30) 
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where ud and u,,, are the velocities up and down stream of the nozzle and cd and c,,., are 
the respective up and down stream momentum correction factors. The losses due to 
straight length of smaller diameter pipe immediately following the nozzle calculated 
from; 
API. = 
32fpLQ' (7.31) 2D5 
d 
wheref is the laminar friction factor, Equation 2.3, and Dd and L are the diameter and 
length of the pipe section immediately down stream of the nozzle. The loss coefficient 
for both types of losses was calculated from Equation 2.4. 
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Figure 7.29: In-line Nozzle Loss Coefficient, McNeil et al [ 120] 
To model the two-phase data of the in-line nozzle given in Section 6.3.4 two- 
phase multipliers were calculated based on the assumptions of homogeneous and 
separated flow using Equations 7.26,7.27 and 7.28. The resulting two-phase multipliers 
are shown in Figure 7.30. There is little correlation between these methods and the 
experimental data. 
The slip model of McNeil [118] was applied to the in-line nozzle by calculating 
the contraction-expansion pressure losses as described in Appendix A. S. Two-phase 
multipliers were determined using the single-phase water loss coefficient in Equations 
6.3 & 6.4. The model and the experimental data are given together in Figure 7.3 1. The 
model compares well for the air-water data and greatly improves on the homogeneous 
and separated flow methods. When the model is compared to the air-glycerine data it 
significantly under predicts the pressure losses. 
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model was modified to incorporate the frictional pressure losses due to each 
geometrically distinct part of the in-line nozzle. Ignoring the gravitational gradient the 
total pressure loss was found by summing the individual frictional losses calculated for 
the upstream pipe, the contraction, and the long throat, together with the acceleration 
pressure loss. A derivation of this model is given in Appendix A. 7. This model is shown 
in Figure 7.31 as the modified air-glycerine tbeory. It can be seen from Figure 7.31 that 
this modified approach although over predicting the pressure losses demonstrates the 
significant effect that frictional pressure losses can have in the high viscosity two-phase 
flows. 
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Figure 731: In-line Nozzle, Method of McNeil [118] 
7.4.4 Globe Valve 
0.8 
The single-phase globe valve data of Section 6.3.5 was compared to the method 
of Hooper [7] (1981), Equation 2.7. The correlation of Hooper [7] is shown in Figure 
7.32 to over predict the loss coefficient with an error that decreases as the Reynolds 
number increases. The experimental loss coefficient of Figure 7.32 is also not in 
agreement with the findings of Edwards et al [10] for aP globe valve. Edwards et al 
[10] reports the loss coefficient as being constant above a Reynolds number of 12 and 
having a value of 122. 
'Me two-phase data for the globe valve given in Section 6.3.6 is shown in Figure 
7.33. There are two sets of air-glycerine data points designated laminar and turbulent. 
These were obtained as described in Section 6.3.5 using the single-phase loss 
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Figure 7.32: In-line Globe Valve Single-Phase Loss Coefficients 
To compare the method of ESDU [117] to the data of Figure 7.33 the slip ratio 
as defined in Equation 2.66, was used along with the two-phase multiplier for a globe 
valve; 
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Tle method of ESDU [117] is shown in Figure 7.33 with some reasonable 
agreement being demonstrated for both air-water and air-glycerine results. 'Me air-water 
trend is largely under predicted at the higher qualities and the larninar air-glycerine are 
poorly predicted. 
As per the in-line orifice plate, two-phase multipliers were calculated based on 
the assumptions of homogeneous and separated flow for the globe valve using 
Equations 7.26 through to 7.28. Figure 7.33 shows the resulting homogeneous and 
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separate flow two-phase multipliers for both air-water and air-glycerinc flows. At the 
lower qualities the assumptions of separated flow give a closer fit to the experimental 
data. The homogeneous theory performs nominally better over the high qualities giving 
good agreement with the air-glycerine data. Across the range neither method gives 
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Figure 733: Comparison of Globe Valve Two-phase Correlations. 
To apply the method of McNeil [118] the globe valve was treated as an 
equivalent orifice plate where the contraction-expansion pressure losses were calculated 
as described in Appendix A. S. The resulting two-phase multipliers were determined 
using Equation 6.4. Ile model and the experimental data are given together in Figure 
7.34. 'Ibe model compares well for both the air-water and air-glycerine data at low 
qualities but the air-water predictions become increasingly less accurate beyond a 
quality of about 0.5. The tendency for all models given in Figures 7.33 & 7.34 to under 
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predict the two-phase multipliers at the high qualities may be an indication of 
compressible effects. Despite the incorporation of compressibility effects in the method 
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Figure 7.34: Globe Valve, Method of McNeil [118]. 
7.4.5 Abrupt Enlargement 
The single-phase abrupt enlargement data of Section 6.3.7 was compared to the 
method of Hooper [7] (1981), Equation 2.6. The glycerine loss coefficient predicted by 
the correlation of Hooper [7], shown in Figure 7.35, is too large. Some of the glycerine 
data has been omitted as it was considered too erroneous to use, as per the error analysis 
of Section 7.6. 
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Figure 7.35: Abrupt Enlargemcnt Single-Phasc Loss Coefficicnts 
The two-phase data of Section 6.3.8 was first compared to the sudden expansion 
method of ESDU [117] in Figure 7.36. The ESDU [117] definition for a single-phase all 
liquid pressure drop across an abrupt enlargement is; 
AG 
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Equation 6.4 was used along with Equation 7.33 to obtain the experimental two-phase 
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Figure 7.36: Abrupt Enlargement, ESDU [117] Method. 
Two-phase multipliers for the homogeneous and separated flow assumptions 
were calculated for the abrupt enlargement using Equations 7.26,7.27 and 7.28, and arc 
shown in Figure 7.37. 
At the lower qualities both air-water and air-glycerine trends are described well 
by the ESDU [117] and separated flow methods. At the highest qualities the ESDU 
[117] method is a good predictor of the air-water data but is very poor when compared 
to the air-glycerine data. Where as the separated flow assumption is a good predictor of 
the air-glycerine data but is very poor when compared to the air-water data. The 
homogeneous assumption is markedly better at predicting the air-water data than the air- 
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Figure 7.37: Comparison of Abrupt Enlargement Two-phase Correlations. 
The method of McNeil [118] was applied to the abrupt enlargement. The single- 
phase pressure loss, Aplo, was calculated from Equation 6.3 using the experimental 
single phase loss coefficient, 0, for water of 0.27, determined in Section 6.3.7. 
Expansion losses were calculated as per Appendix A. 5. As can be seen in Figure 7.38 
the slip model of McNeil [118] does not accurately predict all the experimental data but 
in comparison to other models it is the only method to sufficiently distinguish between 
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Figure 7.38: Abrupt Enlargement, Method of McNeil [118]. 
7.4.6 Conclusions 
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The agreement of measured and predicted void fraction data of Figure7.24 is 
reasonable. This indicates an acceptable level of reliability exists in applying the film 
method and extrapolating liquid entrainment values from the pipe length correlations to 
establish the conditions upstream of the fitting. 
A clear pattern emerges from the performance of the two-phase correlations 
applied across the in-line components. The homogeneous and the separated flow 
assumptions do not adequately distinguish between low and high viscosity flows. The 
homogeneous assumption tends to follow the air-water trend whilst the separated flow 
assumption follows the air-glycerine trend with the ESDU [117] method laying 
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somewhere between the two. The method of ESDU [117] in some instances proved the 
closest fit to the air-glycerine data i. e., globe valve data, but similarly to the 
performance of the homogeneous and separated flow models it fails to distinguish 
sufficicntly betwccn low and high viscosity flows. 
Although the slip model of McNeil [118] did not provide the best agreement 
with the data for all in-line fittings it was the most generally applicable method. The 
model relied upon a greater knowledge of upstream flow conditions and it is evident 
that this approach was the most successful in accommodating the effects of high 
viscosity. In this instance the upstream flow conditions were found from the application 
of the annular flow model which in turn relied on entrainment correlations specific to 
the flow conditions of this experimental data. At the highest qualities, the model was the 
best match for the air-water data which may be attributable to the incorporation of 
compressibility effects present in the highest gas mass fluxes. 
Forming the two-phase multiplier from the viscous single-phase data has not 
provided a satisfactory method of modelling the experimental data of the in-line 
components. This is demonstrated by the laminar experimental two-phase data which is 
poorly comparable with any of the theoretical two-phase multipliers. 
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The two pipeline components tested under two-phase discharge conditions were 
the nozzle and orifice plate. The acquisition of data for the discharge nozzle and orifice 
plate are described in Sections 6.7 and 6.8 respectively. 
7.5.1 Discharge Nozzle 
The single-phase data, described in Section 6.4.1 are compared to the 
contraction theory of McNeil et al [120] in Figure 7.39. Over most of the range the 
agreement is good. A degree of discrepancy is shown over the 40 mPas nominal 
viscosity data which may be due to an inconsistency in the test liquid viscosity. 
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Figure 739: Discharge Nozzle Coefficient, method of McNeil et al [ 120] 
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Tbe method of McNeil [118] for pipeline components with contraction- 
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expansion type geometry was applied to the discharge nozzle. To obtain the upstream 
flow conditions, i. e., slip and entrainment, the annular flow model described in Section 
7.3.1 was applied. This required knowledge of the upstream wall shear stress which, for 
the in-line components, had been obtained from the experimental pressure gradient. The 
wall shear stress for the discharge components was calculated using Equation 7.20. The 
all liquid two-phase multiplier was calculated from Equations 4.49 and 2.50 using 
Chisholm C parameter values of 21 and 25 for air-water and air-glycerine respectively. 
In Figure 7.40 the slip model reasonably predicts the air-water pressure drops but 
consistently under predicts the air-glycerine pressure drops over the entire quality range. 
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Figure7.40: Discharge Nozzle & Orifice Plate, slip model of McNeil [1181 
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In Section 7.4.3 the two-phase flow in the in-line nozzle was modelled by 
calculating separately the frictional losses attributable to each part of the nozzle. This 
approach, a derivation of which is given in Appendix A. 7, was also used for the 
discharge nozzle. Assuming negligible gravitational loss the total pressure drop was 
found from the summation of the frictional pressure drop due to the upstream pipe, the 
contraction, and the short length of pipe down stream at the discharge point. The 
application of this model is given by McNeil & Stuart [124] (2004) and is described as 
the annular flow model. 
The effect of including the frictional losses on the discharge nozzle theory can 
be seen in Figure 7.41. Although the modified model gives a greater scatter of 
prediction it does not exhibit the same systematic error that was evident in the slip 
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Figure 7.41: Discharge Nozzle, Annular Flow Model, McNeil & Stuart [124] 
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7.5.2 Discharge Orifice 
The single-phase data, described in Section 6.4.3 are compared to the 
contraction theory of McNeil et al [120] in Figure 7.42. It is assumed for this 
comparison that the flow contracted along a conical path from the pressure tapping to 
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Figure7.42: Discharge Orifice, Method of McNeil et al [120] 
As per the discharge nozzle, the method of McNeil [118] for pipeline 
components was applied to the discharge orifice plate. T'he upstream slip and 
entrainment were obtained from the annular flow model using the wall shear stress 
calculated from Equation 7.20. The Chisholm C parameter values were 21 and 25 for 
air-water and air-glycerine respectively. In Figure 7.40 the slip model under predicts the 
air-glycerine pressure drops but the air-water pressure drops predictions are reasonable. 
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It should be noted that the air-water mass fluxes were in the region of 50% less than that 
of the air-glycerine mass fluxes. 
To improve the air-glycerine predictions the annular flow model, McNeil & 
Stuart [124], which was applied to the in-line nozzle Section 7.4.3 and the discharge 
nozzle was used. The two-phase flow was treated in the same manor as the single-phase 
flow by assuming that the flow contracted along a conical path from the pressure 
tapping to the orifice plate. A comparison is made with the experimental data in Figure 
7.41 and is reasonable. 
7.53 Conclusions 
The discharge coefficient of a high viscosity single-phase flow in a discharge 
nozzle can be reasonably modelled. The modelling of viscous flow in a discharge orifice 
plate is less satisfactory. 
Application of a slip model to predict the pressure drop across the discharge 
components for a two-phase flow proved unconvincing. Although air-water values were 
predicted the model substantially under predicted the pressure losses for all other 
viscosities over the full range of qualities. Including wall friction substantially improved 
matters suggesting that nozzle flow models must include friction forces if the liquid 
viscosity is large. 
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7.6 Error Analysis 
The local pressure transducer was accurate to ± 0.2 % of the recorded value and 
the flow rate measurement was accurate to 1.0% of the recorded value. An error 
analyses was performed to determine the uncertainty that the instrumentation produced 
in the measured flow properties such as loss coefficients and two-phase multipliers. 
The basis of the analysis is similar to that described as the Monte Carlo Method 
described by Springer [125] (2003). A random error data set was generated from which 
measured flow properties could be calculated and compared to the initial flow properties 
to give an indication of the probable error. The error data set was produced from the 
experimental data by imposing on each data point a randomly produced fluctuation that 
lay within the limits of the measurement errors. Flow properties were then determined 
using the effor data set by applying the same analysis that had been used to obtain flow 
properties from the initial experimental data. 
The cycle of generating an error data set and then the calculating the resulting 
flow properties was repeated until the standard deviation tended towards a constant. It 
required 640 pennutations, before the error data could be considered the probable error. 
The error analysis procedure was applied to the data for all in-line components both 
single and two-phase and is shown as error bars in Figures 7.25 to 7.39. 
Component 
Air-water Air-glycerine 
Min Mal Min Mal 
In-line Orifice 0.4 1.7 1.1 1.5 
In-line Nozzle 1.2 1.4 2.7 3.4 
Globe Valve 0.1 1.5 1.5 2.3 
Abrupt Enlargement 1.7 4.4 7.9 45.3 
Table 7.2: Typical Range of Percentage Error 
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Chapter 8 
DISCUSSION & CONCLUSIONS 
Highly viscous two-phase data has been obtained for pipe flow and standard 
pipeline components for a range of qualities. A less extensive data set was also obtained 
for which viscosity was varied. Data were analysed by the application of a data 
reduction method based upon annular flow assumptions. The scrutinisation of the 
resulting local flow properties allowed the influence of viscosity on two-phase flow to 
be explored. 
The process of collecting two-phase data was difficult and resulted in the routine 
operation of the test facility being relatively demanding. High viscosity data acquisition 
consisted of many facets, void fraction, liquid viscosity, purging, momentum forces and 
temperature regulation. The control and measurement of each element needed to be 
executed with timing and care to ensure that data was both consistent and reliable. This 
translated to the adoption of a strict and rigorous methodology which in practice was 
labour intensive and hugely time consuming. The inclusion of a highly viscous liquid 
phase in the development of the test facility resulted in several major design difficulties; 
- The heating and cooling processes required to maintain the viscosity of the test 
liquid due to the hygroscopic nature of glycerine. 
-A collection system that induced and accelerated the disengagement of entrained air 
bubbles from the discharging liquid. 
-A method of extraction and removal of the discharging mist laden air. 
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Ile effect of viscosity on a two-phase flow is significant. This study 
differentiated between viscosity effects and other flow phenomena by directly 
comparing viscous flows with air-water flows of equivalent mass fluxes and quality. 
This approach allowed some of the effects of high viscosity to be easily observed 
whilst others were identified through a more extensive analysis. 
An immediately apparent influence of high viscosity is the significant reduction 
in disturbances and noise. This was evident from the routine operation of the 
experimental rig. Much of the vibration and fluctuations present in the air-water flows 
were noticeably absent from the majority of the air-glycerine tests. Another easily 
observable viscosity effect is the elevated pressure drop gradients. High viscosity flows 
have a considerable effect on the pressure drop, demonstrated by simply comparing 
equivalent air-water and air-glycerine flows shown in Figure 6.1. IMese elevated 
pressure gradients are attributed to increased friction forces, evident from the increased 
wall shear stresses. The air-glycerine wall shear stresses shown in Figures 7.8 - 7.15 are 
in some cases, a factor of four times as large as the equivalent air-water values. 
Void fraction measurements given in Figure 6.2 reveal the effect that increasing 
liquid viscosity has upon the slip ratio. The void fraction values can be seen to reduce as 
the liquid viscosity increases. In Figures 7.8 through to 7.15, air-water and air-glycerine 
flows of the same quality are compared. As expected, the viscous forces retard the 
movement of the liquid phase resulting in a smaller core and greater liquid film 
thickness. Ile degree to which this influences void fraction and hence the slip ratio was 
only predicted by the annular flow model given in the analysis. 
Also attributable to viscosity is a reduction in the entrained liquid fraction. 
Unlike wall shear stress and the slip ratio, the mechanisms by which viscosity alters the 
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entrainment are more complex and, as a result, the effect of viscosity on entrainmcnt is 
less clearly defined. A deficiency in the present understanding of entrainment 
mechanisms led to the assumption of the data reduction method of Chapter 7 that the 
entrained liquid droplets travel at the gas velocity. Tle validity of this assumption holds 
true in this instance but the resulting entraintnent relationship is only applicable to 
annular flows that match these experimental conditions. Several mechanisms of 
entrainment may exist, varying in the influence with viscosity and flow conditions. 
McNeil & Stuart [122] concluded that a complete understanding of entrained liquid 
requires a more detailed study. 
The performance of existing methods for the prediction of pressure drop in pipe 
flows and pipeline components were evaluated in Chapter 7. Ile experimental pressure 
drop trends for a vertical pipe flow of Figure 7.1 were only closely predicted by the C 
parameter method of Chisholm [56]. AC value of 25 best correlated air-water and air- 
glycerine data. Neither the Friedel [50] nor the B parameter method of Chisholm[121] 
were found to be applicable for high viscosity flows. 
The single-phase data obtained for in-line and discharge components confirms 
findings of earlier studies i. e., McNeil et al [13] that the viscous forces are significant at 
low Reynolds numbers. This is demonstrated by the behaviour of laminar discharge and 
loss coefficients which are not constant until a critical value of the Reynolds number is 
achieved. Ile method of McNeil et al [120] proved successful at low Reynolds 
numbers because it attempts to model the actual flow path of each geometry and 
considers viscous and inertia forces. 
For highly viscous flows the homogeneous multiplier is a poor predictor for all 
pipeline components. The separated flow model provides reasonably consistent 
predictions at qualities less than 0.4. At the higher qualities this is not maintained. 
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Neither homogeneous nor the separated flow models adequately differentiate between 
air-water and air-glycerine flows to be generally applicable. 
The ESDU [117] recommendations for pipeline components was of limited 
value as the correlations failed to sufficiently discriminate between air-water and air- 
glycerine flows. Viscosity effects are only incorpomted in the definitions of the two- 
phase multipliers through changes in the two-phase specific volumes. This may help 
explain the poor response the correlations had when applied to the high viscosity flows. 
Despite the mixed performances of the homogeneous, sepamted flow and ESDU [117] 
models, common to all fl=e was the poor comparison with the experimental laminar 
two-phase multipliers. It was clear that in all cases the use of viscous single-phase loss 
coefficients to form the two-phase multiplier is unhelpful. 
Another factor in the poor performance of the pipeline component correlations 
may be the occurrence of compressibility effects. An indication of this is given in 
Figures 7.26,7.31 and 7.34 where, over the higher qualities of 0.6,0.7 and 0.8, the 
correlations consistently under predict the data trends. It is not clear what size of 
contribution compressible flow makes to the pipeline pressure drop. 
Only the slip model of McNeil [118] incorporated. compressible flow effects for 
modelling in-line component two-phase flows. The model required the properties of 
upstrcarn liquid entraimnent and slip ratio to predict pressure losses across changes in 
section. The incorporation of the annular flow model of Section 7.3.1 along with the 
method of McNeil [118] was designed to improve the accuracy with which the pressure 
losses could be predicted. Although the model does not accurately predict pressure 
losses in all cases, it is evident that by incorporating entrainment and slip ratio, values 
the model is the most responsive to the effects of compressibility and high viscosity. 
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What was clear from the modelling of the in-line and discharge nozzle data was 
the effect viscosity had on the friction pressure loss in single and two-phase flows. 
Through certain geometries this was comparable in size with the equivalent acceleration 
component and could only be adequately modelled by determining the specific flow 
paths dictated by the geometry of each fitting. 
This study has evaluated the characteristics of a high viscosity two-phase and 
related single-phase flow for pipe length and in-line components. The behaviour of 
Newtonian two-phase mixtures over the quality range of 0.04 to 0.8, travelling under 
subsonic conditions in the annular flow region has been examined. Through the 
application and response of various models and correlations the effects of viscosity are 
considered to be; 
- High viscosity causes elevated viscous forces in single-phase flow that dominate the 
energy losses below a critical Reynolds number. The critical Reynolds number is in 
the region of 50 but is geometry dependent. Above this critical Reynolds number a 
transition range exists where viscous and inertia forces must both be considered. 
- In a two-phase flow the presence of a highly viscous liquid will result in much 
greater pressure gradients due to much higher interfacial and wall shear stresses. 
Although high viscosity has a dampening effect on the flow behaviour, less noise 
and disturbance is experienced in the instnimentation, the pressure losses 
experienced are far greater. 
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- Large viscous forces retard the movement of the liquid film in an annular flow and 
this in turn results in the slip ratio being much larger than would be encountered in 
an equivalent air-water flow. The most appropriate method for predicting void 
fmction is the film method, used in the annular flow model and based on the work of 
Ambrosini et al [98]. Other methods are not applicable. 
The entrained liquid fraction reduces with viscosity. The mechanisms that govern 
liquid entrainment are not clearly understood. 
- The frictional pressure gradient was best predicted using the Chisholm [56] method 
with aC parameter of 25. Other methods cannot reliably be applied. 
- Pipe fitting models based on the single-phase pressure loss and two-phase multiplier 
approach have limited application. Ile approach used by the slip model of McNeil 
[118], a model that incorporates both viscous and compressibility effects, is a more 
likely candidate, although it was applied with limited success. 
Future single-phase work for pipe-line components would gain from a study of 
the transition from low to high viscosities. Further insight into the behaviour and nature 
of losses due to pipe line components requires a broader experimental base to draw 
from. The modelling of viscous flows through components where the internal geometry 
is more complex will require an empirical approach that will need to include more 
geometric detail than is required by low viscosity methods. 
Future two-phase experimental work would be improved with the addition of 
instrumentation that could measure the entrained liquid fraction. This will enable the 
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mechanisms by which liquid is drawn from the annular film by the gas stream to be 
better understood. For in-line components, testing over a range of liquid viscosities 






A. 1 Derivation Flow Nozzle Discharge Coefficient - Equation for 4.4 
Using the energy equation the flow rate through a nozzle with an entrance area, 
A, a throat area, A,,, and a discharge coefficient Of CD is given as; 
Ap 45E AOCD 
FLP 
Y2 
If all the geometric and fluid properties are gathered in one term, k, then 
Equation A. I becomes; 
CDkrZl-; (A. 2) 
Q 
t--t2 set point 2 
t--t, set point I 
Figure Ad: Calibmtion Tank 
For any given time interval as shown in Figure A. 1, the volume as a function of 




AA*p ýyl dt V2 = 
f4Q2dt=(l-nýDkf" Apy'dt (A. 3) 
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Over the time period, tj to t2, if the relationship between time and pressure is 
considered to be linear, the change in pressure can then represented by a straight line of 
gradient, m, and a constant, c; 
Ap=mt+c (A. 4) 
If Equation A. 4 is substituted into Equation A. 3 the volume over the first time interval, 
V1, and the volume over any other subsequent time intervals, V2, become; 
nc k f'(mt + c)y2dt V2 =(I-nýDk f'(mt + c)y2dt (A. 5) D 




+ C)Yý - (mt, + C)Yý (A. 6) V, -3m 
[(mt 
+&3m 
Similarly for the proceeding volume, V2; 
V2 
2(n - 1) c. 1 [(Mt3 + CY - 
(Mt4 
+ CY (A. 7) 
3m 
By rearranging Equation A. 7 in terms of n, and substituting into Equation A. 6 the 
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A. 2 Derivation of Equation 4.3 
For a gamma my passing through a medium of thickness, t, with a mass 
attenuation coefficient, a, and a density, p, the attenuated intensity, I, is related to the 
incident intensity, I,,, by: 
I=I,, e-' (A. 9) 
For the chord of length, m, shown in Figure A. 2, the ratio of attenuated to incident 
radiation intensity, for a liquid of density, py, mass attenuation coefficient, oý, passing 
through a tube with material properties of, density, p,, and a mass attenuation coefficient 
of, a,, is given by; 
L' 
= 10 (A. 10) 
For the flow of a gas of density, pg, and a mass attenuation coefficient, crg, passing 








Figure A. 2: Tube Cross Section - Annular Flow 
(A. 11) 
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Resolving Equations A. 10, A. 12, A. 13 & A. 14 allows the void fraction to expressed as; 
in[4] 
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Figure A. 3: Control element in liquid film flow 
(A. 14) 
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Summing all the forces acting on the control element depicted in Figure A. 3 gives; 
1: Forces =d (momentum),, (A. 15) 
H 
dt 




Simplifying the r. h. s. and differentiating with respect to z gives; 
- xD8 
dp 




Expanding the I. h. s gives; 




Simplifying and ignoring the acceleration effects in the film gives; 
dp 
dz 16 
9P, (A. 19) 








Figure AA Element in core flow 
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Summing all the forces acting on the control element depicted in Figure A. 4 
gives; 
E Forces =d (momentum). (A. 20) 
it 
dt 
Assuming that the entrained liquid velocity is equal to the gas velocity then; 
_, & 
2 2x(D 2 P; r(D _ 25)2 g(D - 25) NAZ - rjx(D - 25)Az = 
G, - 25 (A. 21) 
4 4v, 4 
Simplifying gives; 
- Ap(D - 28) -9 
(D - 28)Az - r, Az = 
G, 2 (D - 28)A v, (A. 22) 
4v, 4 
Differentiating with respect to z gives; 
dp 
(D-28)Y4 g(D - 
28) G, 2(D - 28) dy, (A. 23) 
dz 4v, 4 dz 
dp g 4r, 2 dy -- G, ' ýý we (A. 24) dz v, (D - 29) dz 
A. 5 Implementation of the Method of McNeil [1181 (2000) 
To apply the method of McNeil [118] (2000) a FORTRAN programme was 
written. Ile programme contained an iterative procedure that determined stagnation 
properties, Mach numbers and the contraction area. A flow diagram of the programme 
is given in Figure A. 5. The upstream entrained liquid fraction and slip ratio were 




it Read upstream values for slip, entrainment, mass 
INITIATE flow rate and pressure. 
STAGNýATION 
Set convergence criteria and calculate stagnation 
conditions. 
No Calculate G and H parameters. Is the stagnation 
< pressure ratio resolved? 
Yes 
CRITICAL 
- Set convergence criteria, let Mach= 1, calculate 
critical conditions. 
No Calculate G and H parameters. Is the critical 
pressure ratio resolved? 
Yes Is 
Mach No. Guess Set convergence criteria and calculate throat 
THROAT conditions. 
s 
No Calculate G and H parameters. Is the throat 
pressure ratio resolved? 
Calculate compressible contraction coefficient 
and throat area. Is the throat area the same as the No Yes physical area? 
EXPANSION Calculate pressure loss due to expansion. 
End 
Figure A. 5: Flow Diagram for Orifice_Loss_2000 
Theoretical vena-contracta areas were calculated using incompressible and 
compressible contraction coefficients. The incompressible contraction coefficient, Qj, 
and the effective diameter ratio, P, ff, were obtained from the experimental single-phase 
loss coefficients and the simultaneous solution of Equations A. 25 & A. 26; 
Cd ýI (A. 25) 
1+ 0.639(l - 
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k= - -1 (A. 26) C", fillff 
A force defect coefficient was calculated from the incompressible contraction 
coefficient allowing the compressible contraction coeflicicnt, C,, to be found. ne 
effective diarneter ratio, contraction, loss and force defect coefficients are given in 
Table A. I. 
Property Globe Valve Orifice Plate 
Incompressible contraction coefficient, C, j 0.743 0.692 
Single-phase loss coefficient, k 8.673 34.83 
Effective diameter ratio, Pff 0.678 0.55 
Force defect coefficient 0.44 0.401 
Table A. 1: Incompressible Contraction Coefficients 
In addition to the pressure loss induced by the contraction part of the orificc 
plate it was also necessary to determine the pressure loss due to the expansion dircctly 
following the contraction. The measured gas specific volume was to used to re-evaluate 
the slip ratio, fluid specific volume and momentum correction factor, at the throat and 
again down stream of the expansion. Tle pressure loss was then calculated in 
accordance with McNeil [118] by the application of the momentum equation from the 
vena-contracta, subscript 1, to the down stream pipe, subscript 2; 
A- P2 :,, ý G2 (C, 2G2V2-c., Gvl) (A. 27) 
This second pressure loss, due to the expansion, added to that of the contraction 
gave the total pressure loss for the orifice plate. 
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A. 6 Void Fraction Measurement 
Several techniques have been employed to provide accurate measurement of the 
void fraction. One of the least complex methods is to use a pair of quick closing valves. 
This approach was used by Andcen & Griffith [55] (1968), 1 fughmark & Pressburg [80] 
(1961), Kasturi & Stepanek [101] (1972), Weiss et al (103] (1985), Willis [64], and 
Anderson & Mantzouranis [65]. Two valves, the bores of which are flush with the pipe 
diameter, are located a known distance apart on a straight length of pipe and operated 
simultaneously. When a steady fully developed two-phase flow is established in the 
pipe the two valves are closed and the volume of captured liquid is measured. Although 
advantageous due to the simplicity of this method, the use of quick closing valves 
involves interrupting the two-phase flow, and at higher mass fluxes and pressures this 
may not be practical. 
The conductance method employs two probes situated flush with the non- 
conducting wall containing the annular film of a two-phase flow. By monitoring the 
conductance between the probes the liquid film thickness can be established. Avcraging 
techniques are applied to the conductance signals generated by the probes as ripples and 
roll waves on the liquid film surface causes the liquid film thickness to fluctuate. Illis 
method has been used by Hewitt et al [ 126] (1964), Bennett & Thornton [ 127] (196 1) 
and Collier & Hewitt [66]. 
Another popular method for measuring the void fmction is the use of ionising 
radiation sources. If a beam of gamma radiation is directed at a medium of unironn 
thickness, the thickness of the medium can be determined from the resulting attenuation 
of the gamma ray beam. If the intensity of the initial radiation is I,, then tile attcnuatcd 
radiation, I, for a medium of thickness, t, with a mass attenuation coclTicicrit, cr, and a 
density, p, is given by; 
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I= Ioe-"-O (A. 28) 
Petrick & Swanson [128] (1958) used this relationship to dcrivc an expression for the 
void fmction. By deriving expressions for the two extreme conditions, the pipe full of 
gas, a=1 and the pipe full of liquid, a=O, the resulting expression for void fmction can 
be shown to be; 
ln(IIIJ 
(A. 29) 
A derivation of Equation A. 29 is given in Appendix A. 2. 
In addition to Petrick& Swanson [128], early investigators, including, Isbin etal [1291 
(1957) and Pike et al [130] (1965), improved the practice of using ionising sources 
through the selection of appropriate ionising sources and shielding. Ile scicction of 
ionising sources is critical because if the energy of the selected source is too high then 
the attenuation of the gamma rays passing through the gas-liquid flow would be 
insignificant in comparison with the initial source intensity. For this reason, 
monoenergetic sources are favoured since they permit the use of Equation A. 29 to 
describe the relationship of attenuation and intensity. Shielding is also critical in the 
generation of a narrow collimated or 'pencil' bcam of gamma rays. This singic bcam. of 
monoenergctic gamma photons can be more accurately directed across any tube or 
channel. 
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A. 7 Derivation of Nozzle Flow Model 
First consider single-phase liquid flow in a nozzle; 
ar p (dp) (ýP) 




'PU -d D2D zF 
For laminar flow-, 
16 
= 
16p 2 (A. 32) 
Re puD 
321m II)F 










Du z Do D 
.............................. 0 ------------- + 
(D-DuY2 
(D - D. ) 
ýDýD. 




D4 (DD- Du) 
=: > dz =L 
dD 
2 DD ýD 211 
-p L 










) D (DU2 
+ Du Drý + DI2 =* PF" - PF» = -, =L2 
lmlD(2, L 
(DI', 
= 32 liu ý' , 


















uDL (, +ß+ß) D D 
(A. 40) 
3 D u 
ReD = puDp 
JU 
, &pý 




3 Du ReL, D 













=* dpA = -pudu 
(A. 45) 
PA* -P4 




E(U2 2) (A. 48) 
=*'APA = PA, - PA. D- UU 
APMM ý-'APA +'6PF 
(A. 49) 
2 
P (U, 2 
_ U, 
2 1, 




- GU2 +4 
i+fl+fl2 (A. 51) fl2 
For two-phase flow-, 








(p 2- Gu2 (A. 54) D 
2v (M5) C. - VL 
2 (A. 56) APF = Aptol 
4f, LG vý(l ++ 
I&PI (A. 57) 
L E±) 
D. 23 





B-1 Rosemount Pressure Transducer Signal Conversion 
Calculation for flow nozzle 1- 26.02 mm diameter 
Current signal range from pressure transducer. 4-2OmA 
Voltage signal range from pressure transducer. 1-5v 
With the upper range value (URV) for flow nozzle I set to 7475 NIM 
2 the pressure 














Figure B. I: Pressure versus Voltage 
From the graph an equation for a line of gradient, m, and a constant, C; 
P=mv+c 
Whcn the prcssurc is, 0, the equation can be written as; 
O=lm+c 







By combing Equations B. 2 & B. 3 the gradient, m, is given as: 




The constant, c, is found from; 
7475 = 5m +c 
c= 7475 - (5xl 869) 
c= 1869 
The conversion from voltage to pressure is then; 
p=mv-c 
p= 1869v - 1869 
p= 1869(v - 1) = 14 UR V(v - 1) 
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APPENDIX C 
CA Single-Phase Glycerine Solution Viscosity & Calibration Tests 
C. 1.1 Viscosity Curves 
Test D2te 1ý 12 1 con 
01-Mar-Ol -9. OOE-04 9.70E-02 -3.8274 55.483 
13-Mar-Ol -7. OOE-04 8.13E-02 -3.2605 49.098 
22-Mar-Ol -I. OOE-03 9.85E-02 -3.4522 46.032 
27-Mar-Ol -I. OIE-03 9AOE-02 -3.178 40.960 
02-Apr-Ol -8.37E-04 8.11 E-02 -2.849 38.090 
06-Apr-O I -1.73E-03 1.42E-01 -4.146 46.310 
04-May-01 -6.03E-04 5.93E-02 -2.108 28.620 
31-May-01 -6.80E-04 6.63E-02 -2.335 31.25 
04-Jun-01 -6.24E-04 6.41 E-02 -2.361 32.650 
11-Jun-01 -9.38E-04 8.81 E-02 -2.974 38.03 
25-Jun-01 -7.21E-04 7.17E-02 -2.547 33.980 
11 -Jul-0 I -5.57E-04 6.17E-02 -2.343 31.94 
25-Jul-01 -4.63E-04 4.18E-02 -1.366 17.28 
13-Aug-0 I -3.12E-04 2.94E-02 -0.9992 13.11 
18-Aug-0 I -5.46E-05 6A6E-03 -0.2753 4.561 
30-Aug-01 -1.62E-04 1.80E-02 -0.7133 10.76 
22-Oct-01 -5.09E-05 15.04E-03 1-1.87E-01 1 
2.875 
1 
Table CA: Viscosity Curves [Units: centi poise & Temperature 'C] 
261 
C. 1.2 Calibration Curves 







02-Apr-01 -7.91E-06 2.7313-03 0.455 13.6 2 
09-Mar-Ol -6.04E-05 9.4313-03 0.2074 6.44 3 
16-Feb-01 -3.16E-06 1.5313-03 0.5416 26.02 1 
06-Jun-01 -8.86E-06 2.8613-03 0.4722 13.6 2 
05-Jun-01 -5.78E-06 1.9513-03 0.5973 26.02 1 
15-Jun-O I -8.66E-06 2.2613-03 0.5493 26.02 1 
19-Jun-01 -8.48E-06 2.8513-03 0.4368 13.6 2 
20-Jun-01 -9.98E-06 2.6713-03 0.52 26.02 1 
17-Jul-01 -3.98E-06 1.7713-03 0.5353 26.02 1 
18-jul-01 -7.03E-06 2.9513-03 0.3939 13.6 2 
19-Jul-01 -4.02E-06 2.0013-03 0.474 13.6 2 
20-Jul-01 -4.0113-06 2.01E-03 0.4869 13.6 2 
03-Aug-01 -8.85E-07 7.1513-04 0.6735 26.02 1 
25-Jul-01 -1.08E-06 9.5713-04 0.5692 13.6 2 
25-Jul-01 -2.99E-06 1.8013-03 0.4115 6.44 3 
13-Aug-01 -5.61E-07 5.7613-04 0.6668 26.02 1 
21-Aug-01 -1.16B-08 6.9113-05 0.7793 26.02 1 
18-Aug-01 -1.26B-08 1.0111-04 0.7051 13.6 2 
22-Aug-01 -2-55E-07 7.26E-04 0.2936 6.44 3 
13-Aug-01 -9.79E-07 7.2613-04 0.6275 26.02 1 
13-Aug-01 -4.23E-08 1.86E-04 0.7049 13.6 2 
22-Oct-0 11 4.2413-07 1 
3.9313-04 
15.4313-01 1 13.6 
2 
Table C. 2: Flow Nozzle Calibration Curves, Re versus CD 
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14-176-01 001 =26.02 Pipe 16-Feb-01 01-Mar-01 
15-Feb-0 1 001 cn26.02 Pipe 16-FeM I 01-Mar-01 
21-Feb-01 001 cn26.02 Pipe 16-Feb-0 I 01-Mar-Ol 
21 -Feb-0 1 002 cn26.02 Pipe 16-Feb-0 1 01 -Mar-O I 
21-Feb-01 003 cn26.02 Pipe 16-Feb-01 01-Mar-Ol 
21-Feb-01 004 cn26.02 Pipe 16-Feb-0 1 01 Mar-O I 
21-Feb-01 005 cn26.02 Pipe 16-Feb-0 I 01-Mar-Ol 
21-Feb-01 006 cn26.02 Pipe 16-FeM 1 01 -Mar-O I 
21-Feb-01 007 cn26.02 Pipe 16-Feb-0 I 01-Mar-Ol 
21-Feb-01 008 =26.02 Pipe 16-Feb-0 I 01-Mar-Ol 
05-Mar-01 001 cnl3.6 Pipe 02-Apr-Ol 01-Mar-01 
05-Mar-01 002 cnl3.6 Pipe 02-Apr-O 1 01 -Mar-O I 
05-Mar-01 003 cnl3.6 Pipe 02-Apr-01 01 -Mar-O I 
05-Mar-01 004 cnl3.6 Pipe 02-Apr-01 01-Mar-Ol 
05-Mar-01 005 cnl3.6 Pipe 02-Apr-Ol 01-Mar-01 















12-Aug-01 001, cn26.02 Pipe - Vis2 13-Aug-01 13-Aug-0 I 
12-Aug-01 002 cn26.02 Pipe - Vis2 13-Aug-01 13-Aug-01 
12-Aug-01 003 cn26.02 Pipe - Vis2 13-Aug-0 I 13-Aug-0 I 
12-Aug-01 004 cn26.02 Pipe - Vis2 13-Aug-01 13-Aug-0 I 
12-Aug-01 005 cn26.02 Pipe - Vis2 13-Aug-01 13-Aug-0 I 
12-Aug-01 006 cn26.02 Pipe - Vis2 13-Aug-01 13-Aug-0 I 
12-Aug-01 007 cn26.02 Pipe - Vis2 13-Aug-01 13-Aug-0 I 
12-Aug-01 008 cn26.02 , 
Pipe - Vis2 I 
13-Aug-0 II 13-Aug-01 
















24-Aug-01 001 cn, 26.02 Pipe - Vis3 21 -Aug-0 I I S-Aug-O I 
24-Aug-01 002 cn26.02 Pipe - Vis3 21-Aug-01 18-Aug-01 
24-Aug-01 003 cn26.02 Pipe - Vis3 21-Aug-01 18-Aug-01 
24-Aug-01 004 cn26.02 Pipe - Vis3 21 -Aug-0 I I B-Aug-O I 
24-Aug-01 005 cn26.02 Pipe - Vis3 21-Aug-01 I 8-Aug-0 I 
24-Aug-01 006 cn26.02 Pipe - Vis3 21-Aug-01 18-Aug-01 
24-Aug-01 007 cn. 26.02 Pipe - Vis3 21-Aug-01 I 8-Aug-0 I 
24-Aug-01 009 cn26.02 Pipe - Vis3 21-Aug-01 18-Aug-01 
24-Aug-01 010 cR26.02 , Pipe - Vis3 I 21-Aug-Ol ,I B-Aug-O I 
Table C. 5: Pipe Flow, Nominal Viscosity 50 mPas & Calibration Curves 
Property 
100% Glycerine Value Units Conditions 
Surface tension 66 Dyn/cm Fluid bounded by air 
Density 1.261 g/cm 3 @ 20T 
Boiling point 290 OC 
Specific heat capacity 
- 
238 
I J/g. K I II 
Table C. 6: Properties of Glycerine 
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09-Apr-01 001 cnl3.6 Nozzle Dis. 02-Apr-O I 06-Apr-Ol 
09-Apr-01 002 cnl3.6 Nozzle Dis. 02-Apr-01 06-Apr-Ol 
09-Apr-Ol 003 cnl3.6 Nozzle Dis. 02-Apr-Ol 06-Apr-01 
09-Apr-01 004 cnl3.6 Nozzle Dis. 02-Apr-Ol 06-Apr-Ol 
09-Apr-01 005 cnl3.6 Nozzle Dis. 02-Apr-O I 06-Apr-01 
09-Apr-01 006 cnl3.6 Nozzle Dis. 02-Apr-Ol 06-Apr-Ol 
09-Apr-01 007 cnl3.6 Nozzle Dis. 02-Apr-01 06-Apr-01 
04-Jun-01 029 cnl3.6 Nozzle Dis. 06-Jun-01 04-Jun-0 I 
04-Jun-01 030 cn13.6 Nozzle Dis. 06-Jun-01 04-Jun-0 I 
04-Jun-01 031 cnl3.6 Nozzle Dis. 06-Jun-01 04-Jun-01 
04-Jun-01 032 =13.6 Nozzle Dis. 06-Jun-01 04-Jun-01 
04-Jun-01 033 cnl3.6 Nozzle Dis. 06-Jun-0 I 04-Jun-0 I 
04-Jun-01 034 cnl3.6 Nozzle Dis. 06-Jun-01 04-Jun-0 I 
04-Jun-01 035 cnl3.6 Nozzle Dis. 06-Jun-0 I 04-Jun-01 
04-Jun-01 036 cn13.6 Nozzle Dis. 06-Jun-01 04-Jun-0 I 
04-Jun-01 037 cn13.6 Nozzle Dis. 06-Jun-01 04-Jun-0 I 
04-Jun-01 038 cn13.6 Nozzle Dis. 06-Jun-01 04-Jun-01 
04-Jun-01 039 cnl3.6 Nozzle Dis. 06-Jun-0 I 04-Jun-01 
04-Jun-01 040 cn13.6 Nozzle Dis. 06-Jun-01 04-Jun-01 
04-Jun-01 041 cnl3.6 Nozzle Dis. 06-Jun-01 04-Jun-0 I 
04-Jun-01 042 cn13.6 Nozzle Dis. 06-Jun-01 04-Jun-01 
04-Jun-01 043 cnl3.6 Nozzle Dis. 06-Jun-01 04-Jun-0 I 
23-Jul-01 015 =13.6 Nozzle Dis. 20-Jul-01 II -Jul-0 I 
23-Jul-01 016 =13.6 Nozzle Dis. 20-Jul-0 I II -Jul-0 I 
23-Jul-01 017 W3.6 Nozzle Dis. 20-Jul-0 I 11-jul-01 
23-Jul-0 1 018 cnl3.6 Nozzle Dis. 20-Jul-0 I 11-jul-01 
23-Jul-01 019 cn13.6 I 
Nozzle Dis. 
I 20-Jut-01 I ll-ju"I 
Table C. 7: Discharge Nozzle, Viscosity & Calibration Curves 
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Test Flow Test Calibration Viscosity 
Date Data Tag Nozzle Description Date Date 
(dd/mm/yy) (-) (dd/mm/yy) (dd/mmtyy) 
23-Jul-01 - 020 cn13.6 Nozzle Dis. 20-Jul-01 II -Jul-0 I 
23-Jul-01 021 =13.6 Nozzle Dis. 20-Jul-0 I 11-jul-01 
23-Jul-01 022 cnl3.6 Nozzle Dis. 20-Jul-01 11-Jul-01 
23-Jul-01 023 cn13.6 Nozzle Dis. 20-Jul-Ol 11-jul-01 
23-Jul-01 024 cn 13.6 1 Nozzle Dis. I 20-Jul-0 I I 11-Jut-01 
Table C. 8: Discharge Nozzle, Viscosity & Calibration Curves 
Test Flow Test Calibration Viscosity 
Date Data Tag Nozzle Description Date Date 
(dd/mm/yy) (dd/mni/yy) (dd/mm/yy) 
02-Aug-01 009 cnl3.6 Nozzle Dis. 25-Jul-01 13-Aug-O I 
02-Aug-01 010 cnl3.6 Nozzle Dis. 25-Jul-01 13-Aug-Ol 
02-Aug-01 Oil cnl3.6 Nozzle Dis. 25-Jul-Ol 13-Aug-O I 
02-Aug-01 012 cnl3.6 Nozzle Dis. 25-Jul-Ol 13-Aug-O I 
02-Aug-01 013 cnl3.6 Nozzle Dis. 25-Jul-01 13-Aug-01 
02-Aug-01 014 cnl3.6 Nozzle Dis. 25-Jul-Ol 13-Aug-O I 
02-Aug-01 015 cnl3.6 Nozzle Dis. 25-Jul-01 13-Aug-01 
02-Aug-01 016 cnl3.6 Nozzle Dis. 25-Jul-0 I 13-Aug-Ol 
02-Aug-01 017 cnl3.6 Nozzle Dis. 25-Jul-0 I 13-Aug-01 
02-Aug-01 018 cnl3.6 Nozzle Dis. 25-Jul-01 13-Aug-O I 
02-Aug-01 019 =13.6 Nozzle Dis. 25-Jul-01 13-Aug-O I 
02-Aug-01 020 cnl3.6 Nozzle Dis. 25-Jul-Ol 13-Aug-O I 
02-Aug-01 021 cn26.02 Nozzle Dis. 13-Aug-01 13-Aug-O I 
02-Aug-01 022 cn26.02 Nozzle Dis. 13-Aug-O I 13-Aug-O I 
02-Aug-01 023 cn26.02 Nozzle Dis. 13-Aug-01 13-Aug-Ol 
02-Aug-01 024 cn26.02 Nozzle Dis. 13-Aug-O I 13-Aug-O I 
02-Aug-01 025 cn. 26.02 Nozzle Dis. 13-Aug-Ol 13-Aug-Ol 
02-Aug-01 026 cn. 26.02 Nozzle Dis. 13-Aug-01 13-Aug-Ol 
02-Aug-01 027 cn26.02 Nozzle Dis. 13-Aug-01 13-Aug-01 
02-Aug-01 029 cn26.02 Nozzle Dis. 13-Aug-O I 13-Aug-Ol 
02-Aug-01 029 cn26.02 Nozzle Dis. 13-Aug-O I I 
13-Aug-Ol 

















30-Aug-01 001 cn13.6 Nozzle Dis. 19-Aug-01 18-Aug-01 
30-Aug-01 002 cnl3.6 Nozzle Dis. I 8-Aug-0 I I 8-Aug-0 I 
30-Aug-01 003 cnl3.6 Nozzle Dis. I 8-Aug-0 I 18-Aug-01 
30-Aug-Ol 004 cn 13.6 Nozzle Dis. 18-Aug-01 18-Aug-01 
30-Aug-01 005 cnl3.6 Nozzle Dis. I S-Aug-O I 18-Aug-Ol 
30-Aug-01 006 cnl3.6 Nozzle Dis. I 8-Aug-0 I I 8-Aug-0 I 
30-Aug-01 007 cnl3.6 Nozzle Dis. 18-Aug-O I I S-Aug-O I 
30-Aug-Ol 008 cn26.02 Nozzle Dis. 21-Aug-Ol I S-Aug-O I 
30-Aug-Ol 009 cn26.02 Nozzle Dis. 21 -Aug-0 I I S-Aug-O I 
30-Aug-01 010 cn26.02 Nozzle Dis. 21-Aug-Ol I S-Aug-O I 
30-Aug-01 oil cn26.02 Nozzle Dis. 21-Aug-01 I S-Aug-O I 
30-Aug-01 012 cn26.02 Nozzle Dis. 21-Aug-Ol 19-Aug-01 
30-Aug-01 013 cn26.02 Nozzle Dis. 21-Aug-Ol I S-Aug-O I 
30-Aug-01 014 cn26.02 Nozzle Dis. 21-Aug-Ol I S-Aug-O I 






















01-Jun-01 020 cnl3.6 Orifice Dis. 06-Jun-01 31 -May-O I 
01 -Jun-0 1 021 cnl3.6 Orifice Dis. 06-Jun-0 1 31 -May-O I 
01-Jun-01 022 cnl3.6 Orifice Dis. 06-Jun-01 31 -May-O I 
01-Jun-01 023 cnl3.6 Orifice Dis. 06-Jun-01 31-May-01 
01-Jun-01 024 cn13.6 Orifice Dis. 06-Jun-01 31-May-01 
01-Jun-01 025 cnl3.6 Orifice Dis. 06-Jun-01 31 -May-O I 
01-Jun-01 026 cn 13.6 Orifice Dis. 06-Jun-01 31 -May-O I 
01-Jun-01 027 cnl3.6 Orifice Dis. 06-Jun-0 I 31-May-01 
01-Jun-01 028 cn13.6 Orifice Dis. 06-Jun-01 31 -May-O I 
01-jun-01 029 cnl3.6 Orifice Dis. 06-Jun-01 31 -May-O I 
01-Jun-01 030 cnl3.6 Orifice Dis. 06-Jun-01 31-May-01 
01-Jun-01 031 cn13.6 Orifice Dis. 06-Jun-01 31-May-01 
01-Jun-01 032 cnl3.6 Orifice Dis. 06-Jun-01 31-May-01 
01-jun-01 033 cnl3.6 Orifice Dis. 06-Jun-0 1 31 -May-O I 
01 -Jun-0 1 034 cnl3.6 Orifice Dis. 06-Jun-0 1 31 -May-O I 
01 -Jun-0 1 035 cn13.6 Orifice Dis. 06-Jun-01 31-May-01 

















01-Jun-01 036 cn13.6 Orifice Dis. 06-Jun-01 31 -May-O I 
01-Jun-01 037 cnl3.6 Orifice Dis. 06-Jun-01 - 31 -May-O I 
01-Jun-01 039 cnl3.6 Orifice Dis. 06-Jun-01 31 -May-O I 
01-Jun-01 039 cn13.6 Orifice Dis. 06-Jun-01 31 -May-O I 
01-Jun-01 040 cnl3.6 Orifice Dis. 06-Jun-01 31 -May-O I 
01-Jun-01 041 cn13.6 Orifice Dis. 06-Jun-01 31 -May-O I 
01-Jun-01 042 cn13.6 Orifice Dis. 06-Jun-01 31 -May-O I 
04-Jun-01 009 cn13.6 Orifice Dis. 06-Jun-01 04-Jun-01 
04-Jun-01 010 cnl3.6 Orifice Dis. 06-Jun-01 04-Jun-01 
04-Jun-01 Oil cnl3.6 Orifice Dis. 06-Jun-0 I 04-Jun-0 I 
04-Jun-01 012 cn 13.6 Orifice Dis. 06-Jun-01 04-Jun-0 I 
04-Jun-01 013 cnl3.6 Orifice Dis. 06-Jun-01 04-Jun-0 I 
04-Jun-01 014 cnl3.6 Orifice Dis. 06-Jun-01 04-Jun-0 I 
04-Jun-01 015 cnl3.6 Orifice Dis. 06-Jun-0 I 04-Jun-01 
04-Jun-01 016 cn13.6 Orifice Dis. 06-Jun-01 04-Jun-0 I 
04-Jun-01 017 cnl3.6 Orifice Dis. 06-Jun-01 04-Jun-0 I 
04-Jun-01 018 cn13.6 Orifice Dis. 06-Jun-01 04-Jun-0 I 
04-Jun-01 019 cn13.6 Orifice Dis. 06-Jun-01 04-Jun-0 I 
04-Jun-01 020 cnl3.6 Orifice Dis. 06-Jun-01 04-Jun-01 
04-Jun-01 021 cn26.02 Orifice Dis. 17-Jul-01 04-Jun-0 I 
04-Jun-01 022 cn26.02 Orifice Dis. 17-Jul-01 04-Jun-0 I 
04-Jun-01 023 cn26.02 Orifice Dis. 17-Jul-01 04-Jun-0 I 
04-Jun-01 024 cn26.02 Orifice Dis. 17-Jul-0 I 04-Jun-01 
04-Jun-01 025 cn26.02 Orifice Dis. 17-Jul-0 I 04-Jun-01 
04-Jun-01 026 cn26.02 Orifice Dis. 17-Jul-01 04-Jun-0 I 
04-Jun-01 027 cn26.02 Orifice Dis. 17-Jul-01 04-Jun-0 I 
04-Jun-01 028 cn26.02 , Orifice Dis. I 17-Jul-01 I 
04-Jun-0 I 
Table C. 12: Discharge Orifice, Viscosity & Calibration Curves 
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04-May-01 001 cn26.02 Orifice In-line 16-Feb-01 04-May-01 
04-May-01 002 cn26.02 Orifice In-line 16-Feb-01 04-May-01 
04-May-01 003 cn, 26.02 Orifice In-line 16-Feb-01 04-May-01 
04-May-01 004 cn. 26.02 Orifice In-line 16-Feb-0 I 04-May-01 
04-May-01 005 cnl3.6 Orifice In-line 02-Apr-Ol 04-May-01 
04-May-01 006 cnl3.6 Orifice In-line 02-Apr-O I 04-May-01 





















14-Jun-01 001 cnl3.6 Globe Valve 19-Jun-01 II -Jun-0 I 
14-Jun-01 002 cnl3.6 Globe Valve 19-Jun-01 II -Jun-0 I 
14-Jun-01 003 cnl3.6 Globe Valve 19-Jun-01 11-Jun-01 
14-Jun-01 004 =13.6 Globe Valve 19-Jun-01 II -Jun-0 I 
14-Jun-01 005 cnl3.6 Globe Valve 19-Jun-O I 11-Jun-01 
14-Jun-01 006 cnl3.6 Globe Valve 19-Jun-01 II -Jun-0 I 
14-Jun-01 007 =13.6 Globe Valve 19-Jun-O I II -Jun-0 I 
14-Jun-01 008 cnl3.6 Globe Valve 19-Jun-01 11-Jun-01 
14-Jun-01 009 cn26.02 Globe Valve 17-Jul-01 11-Jun-01 
14-Jun-01 010 cn26.02 Globe Valve 17-Jul-01 11-Jun-01 
14-Jun-01 Oil cn26.02 Globe Valve 17-Jul-01 11-Jun-01 


















29-Jun-01 001 cn26.02 Nozzle In-line 17-Jul-01 11-Jul-01 
29-Jun-01 002 cn26.02 Nozzle In-line 17-Jul-01 11-Jul-01 
29-Jun-01 003 cn26.02 Nozzle In-line 17-Jul-01 11-Jul-01 
29-Jun-01 004 cn26.02 Nozzle In-line 17-Jul-01 11-Jul-01 
29-Jun-01 005 cn26.02 Nozzle In-line 17-Jul-0 I 11-Jul-01 
02-Jul-01 001 cnl3.6 Nozzle In-line 19-Jun-01 25-Jun-01 
02-Jul-01 002 cnl3.6 Nozzle In-line 19-Jun-01 25-Jun-01 
02-Jul-01 M cnl3.6 Nozzle In-line 19-Jun-01 25-Jun-0 I 
02-Jul-01 0(9 cnl3.6 Nozzle In-line 19-Jun-01 25-Jun-01 
02-Jul-01 005 cnl3.6 Nozzle In-line 19-Jun-0 I 25-Jun-0 I 
02-Jul-01 006 cnl3.6 Nozzle In-line 19-Jun-01 25-Jun-0 I 
02-Jul-01 007 cnl3.6 Nozzle In-line 19-Jun-01 25-Jun-01 
02-Jul-01 008 cnl3.6 , Nozzle In-line 19-Jun-01 I 25-Jun-0 I 















11-jul-01 (WI cnl3.6 Abrupt Enl. 19-Jun-01 25-Jun-01 
ll-ju"I 002 cnl3.6 Abrupt EnI. 19-Jun-01 25-Jun-01 
II -Jul-0 1 003 cnl3.6 Abrupt EnI. 19-Jun-01 25-Jun-0 I 
II -Jul-0 1 004 cnl3.6 Abrupt Enl. 19-Jun-01 25-Jun-0 I 
ll-JUI-01 005 cn13.6 Abrupt Enl. 19-Jun-01 25-Jun-Ol 
II -Jul-0 1 006 cnl3.6 Abrupt Enl. 19-Jun-01 25-Jun-0 I 
13-Jul-01 001 cn26.02 Abrupt Enl. 20-Jun-01 I I-jul-01 
13-Jul-Ol 002 cn26.02 Abrupt Enl. 20-Jun-01 11-jul-01 




Table C16: Abrupt Enlargement, Viscosity & Calibration Curvcs 
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C. 2 Two-Phase Glycerine Solution Viscosity & Calibration Tests 
C1.1 Viscosity Curves 
Test D2te il 12 x con 
16-Feb-01 -9. OOE-04 9.70E-02 -3.8274 55.483 
13-Mar-Ol -7. OOE-04 8.13E-02 -3.2605 49.098 
22-Mar-Ol -I. OOE-03 9.85E-02 -3.4522 46.032 
27-Mar-Ol -1.01E-03 9AOE-02 -3.179 40.960 
02-Apr-Ol -8.37E-04 S. IIE-02 -2.849 38.090 
06-Apr-Ol -1.73E-03 1.42E-01 -4.146 46.310 
04-May-01 -6.03E-04 5.93E-02 -2.108 28.620 
15-May-01 -6.32E-04 6.09E-02 -2.12 28.280 
23-May-01 -7.97E-04 7.46E-02 -2.52 32.400 
31 -May-O I -6.80E-04 6.63E-02 -2.335 31.125 
04-Jun-01 -6.24E-04 6AIE-02 -2.361 32.650 
1 I-Jun-01 -9.39E-04 8.81E-02 -2.974 38.030 
25-Jun-01 -7.21E-04 7.17E-02 -2.547 33.980 
11 -Jul-0 I -5.57E-04 6.17E-02 -2.343 31.94 
25-Jul-01 -4.63E-04 4.18E-02 -1.366 17.29 
03-Aug-01 -2.97B-04 2.91E-02 -1.036 14.34 
1 S-Aug-O I -5A6E-05 6.46E-03 -0.2753 4.561 
30-Aug-01 -1.62E-04 1.80E-02 -0.7133 10.76 
22-Oct-01 -5.09E-05 5.04F, 03 1.87E-0 1 1 
2.875 
Table C. 17: Viscosity Curves [Units: centi poise & Temperature 'C] 
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CII Calibration Curves 






16-Feb-01 43913,06 1.8313-03 0.5242 26.02 1 
05-Mar-01 -1.44E-05 4.2213-03 0.371 13.6 2 
09-Mar-01 -6.02E-05 7.77E-03 0.2096 6.44 3 
12-Mar-01 -817E-06 2.6013-03 0.4229 13.6 2 
29-Mar-01 -7.37E-06 2.5613-03 0.4294 13.6 2 
02-Apr-01 -7.43E-06 2.5413-03 0.4198 13.6 2 
02-Apr-O I -2.04E-05 4.49E-03 0.2712 6.44 3 
02-Apr-01 -7.91E-06 2.73E-03 0.455 13.6 2 
09-Mar-01 -6.04E-05 9.4313-03 0.2074 6.44 3 
16-Feb-01 -3.1613-06 1.53E-03 0.5416 26.02 1 
06-Jun-01 -9.86E-06 2.8613-03 0.4722 13.6 2 
05-Jun-01 -5.78E-06 1.8513-03 0.5973 26.02 1 
21-Jun-01 -5.39E-05 7.70E-03 02501 6.44 3 
03-Aug-01 -8.85E-07 7.1511-04 0.6735 26.02 1 
25-Jul-01 -1.08E-06 9.5713-04 0.5692 13.6 2 
25-Jul-01 -3.04E-06 1.9213-03 0.4074 6.44 3 
13-Aug-01 -5.45E-07 5.71E-04 0.6735 26.02 1 
21-Aug-01 -1.58E-08 6.9113-05 0.7783 26.02 1 
18-Aug-01 -1.26E-08 1.0113-04 0.7051 13.6 2 
22-Aug-01 -5.46E-07 2.3913-04 0.5638 6.44 3 
224)d-01 -12413-07 1 3.9313-04 1 5.4313,01 13.6 2 
Table C. 18: Flow Nozzle Calibration Curves, Re versus CD 
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28-Feb-01 003 cn26.02 Pipe Flow Subsonic 16-Feb-01 16-Feb-O I 
13-Mar-Of 001 cnl3.6 Pipe Flow Subsonic 02-Apr-Ol 13-Mar-O I 
14-Mar-01 001 cnl3.6 Pipe Flow Subsonic 02-Apr-Ol 13-Mar-Ol 
15-Mar-Ol 001 cnl3.6 Pipe Flow Subsonic 02-Apr-O I 13-Mar-Ol 
16-Mar-Ol 001 cnl3.6 Pipe Flow Subsonic 02-Apr-Ol 13-Mar-Ol 
20-Mar-01 001 cn6.44 Pipe Flow Subsonic 09-Mar-Ol 13-Mar-Ol 
26-Mar-01 001 cn6.44 Pipe Flow Subsonic 09-Mar-O I 22-Mar-Ol 
30-Mar-Ol 001 cn6.44 Pipe Flow Subsonic 09-Mar-O I I 
22-Mar-O I 













03-Aug-01 001 cnl3.6 Pipe Flow - Viscosity 2 25-Jul-01 03-Aug-01 
03-Aug-01 002 cnl3.6 Pipe Flow - Viscosity 2 25-Jul-01 03-Aug-0 I 
09-Aug-01 001 Cnl3.6 Pipe Flow - Viscosity 2 25-Jul-01 03-Aug-01 
08-Aug-01 002 Cnl3.6 Pipe Flow - Viscosity 2 25-Jul-01 03-Aug-01 
09-Aug-01 001 Cnl3.6 Pipe Flow - Viscosity 2 25-Jul-0 I 03-Aug-0 I 
09-Aug-01 002 Cn6.44 Pipe Flow - Viscosity 2 25-Jul-01 03-Aug-01 
10-Aug-01 001 Cn6.44 Pipe Flow - Viscosity 2 25-Jul-01 03-Aug-01 


















19-Aug-Ol 001 cnl3.6 Pipe Discharge - Viscosity 3 18-Aug-01 I S-Aug-O I 
21-Aug-01 001 cnl3.6 Pipe Discharge - Viscosity 3 18-AuOl I S-Aug-O I 
21-Aug-Ol 002 cnl3.6 Pipe Discharge - Viscosity 3 1 8-Aug-0 I I 8-Aug-0 I 
23-Aug-Ol 002 cnl3.6 Pipe Discharge - Viscosity 3 18-Aug-01 I S-Aug-O I 
23-Aug-Ol 003 cn6.44 Pipe Discharge - Viscosity 3 22-Aug-0 I I 8-Aug-0 I 
22-Aug-Ol 001 cn6.44 Pipe Discharge - Viscosity 3 22-Aug-01 18-Aug-Ol 
22-Aug-Ol 002 cn6.44 Pipe Discharge - Viscosity 3 22-Aug-Ol I S-Aug-O I 
23-Aug-Ol 001 cn6.44 I Pipe Discharge - 
Viscosity 31 22-Aug-0 II 19-Aug-01 
Table C. 21: Pipe Flow, Nominal Viscosity 50 mPas & Calibration Curves 













21-Mar-01 001 cn13.6 Nozzle Discharge Subsonic 02-Apr-O I 22-Mar-O I 
22-Mar-Ol 001 cnl3.6 Nozzle Discharge Subsonic 02-Apr-O I 22-Mar-O I 
23-Mar-01 001 cn13.6 Nozzle Discharge Subsonic 02-Apr-01 22-Mar-O I 
23-Mar-Ol 002 cnl3.6 Nozzle Discharge Subsonic 02-Apr-01 22-Mar-O I 
27-Mar-01 001 cn13.6 Nozzle Discharge Subsonic 02-Apr-01 27-Mar-01 
27-Mar-Ol 002 cn6.44 Nozzle Discharge Subsonic 09-Mar-01 27-Mar-O I 
27-Mar-01 003 cn6.44 Nozzle Discharge Subsonic 09-Mar-O I 27-Mar-01 
06-Apr-01 001 cn6.44 , Nozzle Discharge Subsonic I 09-Mar-Ol I 06-Apr-01 















26-Jul-01 001 cnl3.6 Nozzle Dis, Subsonic - Vis2 25-Jul-01 25-Jul-0 I 
26-Jul-0 1 002 cnl3.6 Nozzle Dis Subsonic - Vis2 25-Jul-01 25-Jul-0 I 
25-Jul-01 003 cnl3.6 Nozzle Dis Subsonic - Vis2 25-Jul-01 25-Jul-01 
25-Jul-01 004 cnl3.6 Nozzle Dis Subsonic - Vis2 25-Jul-01 25-Jul-Ol 
25-Jul-01 005 cnl3.6 Nozzle Dis Subsonic - Vis2 25-Jul-01 25-Jul-01 
27-Jul-01 003 cn6.44 Nozzle Dis Subsonic - Vis2 25-Jul-01 25-Jul-01 
27-Jul-01 004 cn6.44 Nozzle Dis Subsonic - Vis2 25-Jul-01 25-Jul-01 




Table C. 23: Discharge Nozzle, Nominal Viscosity 200 mPas & Calibration Curves 
Test Flow Calibration Viscosity 
Date Data Tag Nozzle Test Description Date Date -Test 
(dd/mmlyy) (dd/mm/yy) (dd/min/yy) 
28-Aug-01 006 cnl3.6 Nozzle Dis Subsonic - Vis3 I 8-Aug-0 I 30-Aug-0 I 
29-Aug-Ol 001 cnl3.6 Nozzle Dis Subsonic - Vis3 I 8-Aug-0 I 30-Aug-01 
29-Aug-Ol 002 cnl3.6 Nozzle Dis Subsonic - Vis3 I 8-Aug-0 I 30-Aug-01 
29-Aug-Ol 003 cnl3.6 Nozzle Dis Subsonic - Vis3 I 9-Aug-0 I 30-Aug-Ol 
29-Aug-01 004 cn6.44 Nozzle Dis Subsonic - Vis3 22-Aug-0 I 30-Aug-0 I 
29-Aug-01 005 cn6.44 Nozzle Dis Subsonic - Vis3 22-Aug-01 30-Aug-0 I 
29-Aug-01 006 cn6.44 Nozzle Dis Subsonic - Vis3 22-Aug-01 30-Aug-0 I 
29-Aug-0 1 007 cn6.44 , Nozzle Dis 
Subsonic - Vis3 I 
22-Aug-0 II 30-Aug-01 
Table C. 24: Discharge Nozzle, Nominal Viscosity 40 mPas & Calibration Curves 
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Test Flow Calibration Viscosity 
Date Data Tag Nozzle Test Description Date Date -Test 
(ddlmmlyy) (-) (dd/mm/yy) (dd/mni/yy) 
24-May-01 001 cnl3.6 Orifice Discharge Subsonic 02-Apr-01 23-May-01 
24-May-01 002 cnl3.6 Orifice Discharge Subsonic 02-Apr-01 23-May-01 
24-May-01 003 cnl3.6 Orifice Discharge Subsonic 02-Apr-01 23-May-01 
24-May-01 004 cnl3.6 Orifice Discharge Subsonic 02-Apr-01 23-May-01 
25-May-01 001 cnl3.6 Orifice Discharge Subsonic 02-Apr-01 23-May-O I 
25-May-01 002 cn6.44 Orifice Discharge Subsonic 09-Mar-01 23-May-01 
25-May-01 003 cn6.44 Orifice Discharge Subsonic 09-Mar-01 23-May-01 
31-May-01 003 cn6.44 I 
Orifice Discharge Subsonic 
I 
09-Mar-01 31-May-01 
Table C. 25: Discharge Orifice, Viscosity & Calibration Curves 
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09-May-01 001 cn 13.6 Orifice In-line 02-Apr-01 04-May-01 
10-May-01 001 cnl3.6 Orifice In-line 02-Apr-Ol 04-May-01 
10-May-01 002 cnl3.6 Orifice In-line 02-Apr-01 04-May-01 
II -May-O 1 001 cnl3.6 Orifice In-line 02-Apr-O I 04-May-01 
II -may-0 1 002 cnl3.6 Orifice In-line 02-Apr-Ol 04-May-01 
14-May-01 M cn6.44 Orifice In-line 09-Mar-01 15-May-01 
14-May-01 002 cn6.44 Orifice In-line 09-Mar-O I 15-May-01 
07-JLLn-0 1 001 cn6.44 Orifice In-line 09-Mar-01 I 
31-May-01 














07-Jun-01 002 cnl3.6 Globe Valve 06-Jun-01 04-Jun-0 I 
08-Jun-01 001 cnl3.6 Globe Valve 06-Jun-0 I 04-Jun-01 
08-Jun-01 002 cnl3.6 Globe Valve 06-Jun-01 04-Jun-01 
II -Jun-0 1 001 cnl3.6 Globe Valve 06-Jun-01 II -Jun-0 I 
II -jun-O 1 002 cn13.6 Globe Valve 06-Jun-01 11-Jun-01 
12-Jun-Ol 001 cn6.44 Globe Valve 21-Jun-01 11-Jun-01 
12-Jun-01 003 cn6.44 Globe Valve 21-Jun-01 II -Jun-0 I 
13-Jun-Ol 003 cn6.44 Globe Valve 21-Jun-01 11-Jun-01 


















25-Jun-01 001 cnl3.6 Nozzle In-line 06-Jun-0 I 25-Jun-0 I 
25-Jun-01 002 cnl3.6 Nozzle In-line 06-Jun-01 25-Jun-0 I 
26-Jun-01 001 cnl3.6 Nozzle In-line 06-Jun-01 25-Jun-01 
26-Jun-01 002 cnl3.6 Nozzle In-line 06-Jun-01 25-Jun-01 
27-Jun-01 M cnl3.6 Nozzle In-line 06-Jun-0 I 25-Jun-01 
27-Jun-01 002 cn6.44 Nozzle In-line 21-Jun-01 25-Jun-0 I 
28-Jun-01 001 cn6.44 Nozzle In-line 21 -Jun-0 I 25-Jun-0 I 
28-Jun-01 002 cn6.44 Nozzle In-line 21 -Jun-0 I I 
25-Jun-0 I 

















06-Jul-01 001 cn13.6 Abrupt Enlargement 06-Jun-0 I 25-Jun-0 1 
09-jul-Of 001 cnl3.6 Abrupt Enlargement 06-Jun-Ol 25-Jun-01 
09-JUI-01 002 cn13.6 Abrupt Enlargement 06-Jun-01 25-Jun-0 I 
10-jul-01 001 cnl3.6 Abrupt Enlargement 06-Jun-0 I 25-Jun-01 
1 O-JUI-0 1 002 cn13.6 Abrupt Enlargement 06-Jun-0 I 25-Jun-01 
12-Jul-Ol 001 cn6.44 Abrupt Enlargement 21 -Jun-0 I 25-Jun-Ol 
12-Jul-01 002 cn6.44 Abrupt Enlargement 21-Jun-01 25-Jun-0 I 
12-Jul-Of 003 cn6.44 Abrupt Enlargement 21-Jun-01 I 
25-Jun-01 
Table C. 29: Abrupt Enlargement, Viscosity & Calibration Curves 
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APPENDIX D 
PA Single-Phase Data 












03-Aug-00 0.00197 CNI 7.6 
03-Aug-00 0.00182 CNI 6.9 
03-Aug-00 0.00173 CNI 5.8 
03-Aug-00 0.00150 CNI 4.2 
03-Aug-00 0.00123 CNI 2.7 
03-Aug-00 0.00110 CNI 2.0 
03-Aug-00 0.00092 CNI 1.2 
103-Aug-00 0.00076 CNI 0.7 













12-Oct-01 22594 0.00089 CN2 6.0 
12-Oct-01 27586 0.00099 CN2 7.2 
12-Oct-01 31624 0.00106 CN2 8.3 
12-Oct-01 36322 0.00113 CN2 9.6 
12-Oct-01 40306 0.00119 CN2 10.6 
12-Oct-01 45622 0.00126 CN2 12.0 
12-Oct-01 48385 0.00131 CN2 12.9 
12-Oct-01 53350 0.00136 CN2 14.3 
Table DI: Nozzle Discharge 
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Test Flow Measured 
Date 4.10 flow rate Nozzle Momentum 
_(dd/mfn/yy) 
(N/m 2 (M3/S) (N) 
12-Oct-01 30286 0.00070 CN2 5.4 
12-Oct-01 39841 0.00081 CN2 7.2 
12-Oct-01 50236 0.00090 CN2 8.9 
12-Oct-01 62499 0.00101 CN2 11.2 
12-Oct-01 77778 0.00112 CN2 13.9 
12-Oct-01 96086 0.00124 CN2 17.3 
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9-Apr-01 45686 21.8 0.547 0.000712 CN2 
9-Apr-01 39844 21.7 0.551 0.000641 CN2 
9-Apr-01 33170 21.6 0.556 0.00057 CN2 
9-Apr-01 26074 21.6 0.556 0.000478 CN2 
9-Apr-01 19501 21.5 0.560 0.00039 CN2 
9-Apr-01 13250 21.5 0.560 0.000297 CN2 
9-Apr-01 6401 21.7 0.551 0.000172 CN2 
4-Jun-01 3680 21.2 0.547 0.000117 CN2 
4-Jun-01 5904 21.2 0.547 0.000177 CN2 
4-Jun-01 8027 21.2 0.547 0.000218 CN2 
4-Jun-01 10048 21.2 0.547 0.00026 CN2 
4-Jun-01 12148 21.2 0.547 0.000296 CN2 
4-Jun-01 14198 21.3 0.543 0.000336 CN2 
4-Jun-01 16811 21.3 0.543 0.00038 CN2 
4-Jun-01 19510 21.4 0.538 0.00042 CN2 
4-Jun-01 22943 21.4 0.538 0.000467 CN2 
4-Jun-01 25991 21.5 0.533 0.00051 CN2 
4-Jun-01 29123 21.7 0.524 0.00055 CN2 
4-Jun-01 32603 21.7 0.524 0.000595 CN2 
4-Jun-01 38039 21.8 0.519 0.000658 CN2 
4-Jun-01 41211 21.9 0.515 0.0007 CN2 
4-Jun-01 45143 22.0 0.510 0.000747 CN2 
23-Jul-01 6273 22.9 0.394 0.000191 CN2 
23-Jul-01 9476 22.9 0.394 0.000263 CN2 
23-Jul-01 13735 22.9 0.394 0.00034 CN2 
23-Jul-01 17555 22.9 0.394 0.000403 CN2 
23-Jul-01 21071 23.0 0.390 0.000457 CN2 
23-Jul-01 24722 23.0 0.390 0.000507 CN2 
23-Jul-01 27548 23.0 0.390 0.000549 CN2 
23-Jul-01 32153 23.1 0.386 0.000612 CN2 
23-Jul-01 37963 23.1 0.386 0.000685 CN2 
23-Jul-01 44299 23.2 0.383 0.000761 CN2 
















2-Aug-01 8738 21.3 0.214 0.000303 CN2 
2-Aug-01 12127 21.3 0.214 0.000377 CN2 
2-Aug-01 15685 21.4 0.212 0.000446 CN2 
2-Aug-01 19660 21.4 0.212 0.000513 CN2 
2-Aug-01 22328 21.5 0.210 0.000563 CN2 
2-Aug-01 25759 21.5 0.210 0.000617 CN2 
2-Aug-01 29243 21.5 0.210 0.00067 CN2 
2-Aug-01 32979 21.6 0.209 0.000726 CN2 
2-Aug-01 35499 21.6 0.209 0.00076 CN2 
2-Aug-01 39071 21.6 0.209 0.000806 CN2 
2-Aug-01 42871 21.7 0.207 0.000854 CN2 
2-Aug-01 45899 21.8 0.205 0.000892 CN2 
2-Aug-01 37483 21.8 0.205 0.000812 CNI 
2-Aug-01 43813 21.9 0.204 0.000885 CNI 
2-Aug-01 51271 21.9 0.204 0.000967 CNI 
2-Aug-01 58441 22.1 0.201 0.001044 CNI 
2-Aug-01 65018 22.2 0.199 0.00111 CNI 
2-Aug-01 71111 22.2 0.199 0.001166 CNI 
2-Aug-01 78287 22.3 0.197 0.00123 CNI 
2-Aug-01 84983 22.4 0.196 0.001278 CNI 
2-Aug-01 92495 22.5 0.244 0.001336 CNI 
30-Aug-01 3616 41 0.037 0.000215 CN2 
30-Aug-01 6049 40.1 0.038 0.000314 CN2 
30-Aug-01 8861 40.8 0.037 0.000407 CN2 
30-Aug-01 12955 41.1 0.036 0.00052 CN2 
30-Aug-01 18118 41 0.037 0.00063 CN2 
30-Aug-01 22165 40.9 0.037 0.000708 CN2 
30-Aug-01 26437 41.1 0.036 0.000784 CN2 
30-Aug-01 22117 40.7 0.037 0.000755 CNI 
30-Aug-01 26119 40.4 0.038 0.000827 CNI 
30-Aug-01 34907 40.2 0.038 0.000971 CNI 
30-Aug-01 45841 39.7 0.039 0.001125 CNI 
30-Aug-01 56623 40.4 0.038 0.001264 CNI 
30-Aug-01 69808 40.5 0.038 0.001425 CNI 
30-Aug-01 83202 40.5 0.038 0.001558 CNI 
130-Aug-01 1 96023 40.3 0.038 0.00168 CNI 
















I-Jun-01 1484 21.4 0.499325 0.000126 CN2 
I -Jun-0 1 2038 21.5 
0.495045 0.000150 CN2 
I-Jun-01 2689 21.6 0.490809 0.000176 CN2 
I-Jun-01 3194 21.6 0.490809 0.000194 CN2 
I-Jun-01 4097 21.7 0.486618 0.000223 CN2 
I-Jun-01 4977 21.4 0.499325 0.000248 CN2 
I-Jun-01 6388 21.4 0.499325 0.000285 CN2 
I-Jun-01 7772 21.4 0.499325 0.000319 CN2 
I-Jun-01 8829 21.4 0.499325 0.000343 CN2 
I-Jun-01 10348 21.4 0.499325 0.000374 CN2 
I-Jun-01 11686 21.5 0.495045 0.000400 CN2 
I-Jun-01 13244 21.5 0.495045 0.000427 CN2 
I-Jun-01 14524 21.5 0.495045 0.000449 CN2 
I-Jun-01 17689 21.6 0.490809 0.000475 CN2 
I-Jun-01 19429 21.6 0.490809 0.000498 CN2 
I-Jun-01 22114 21.7 0.486618 0.000534 CN2 
I-Jun-01 24596 21.7 0.486618 0.000565 CN2 
I-Jun-01 27469 21.8 0.482471 0.000598 CN2 
I-Jun-01 30709 21.8 0.482471 0.000635 CN2 
I-Jun-01 34363 22 0.474308 0.000674 CN2 
I-Jun-01 37373 22.0 0.474 0.000705 CN2 
1-Jun-01 41358 22.1 0.470 0.000743 CN2 
I-Jun-01 46066 22.2 0.466 0.000785 CN2 
4-Jun-01 3158 20.9 0.562 0.000195 CN2 
4-Jun-01 4798 21 0.557 0.000248 CN2 
4-Jun-01 7927 21.1 0.552 0.000318 CN2 
4-Jun-01 10337 21.2 0.547 0.000371 CN2 
4-Jun-01 12898 21.2 0.547 0.000421 CN2 
4-Jun-01 14414 21.2 0.547 0.000442 CN2 
4-Jun-01 18342 21.3 0.543 0.00048 CN2 
4-Jun-01 21609 21.3 0.543 0.000522 CN2 
4-Jun-01 24646 21.4 0.538 0.000561 CN2 
4-Jun-01 30881 21.6 0.528 0.000633 CN2 
4-Jun-01 36574 21.6 0.528 0.000692 CN2 
4-Jun-01 43379 21.7 0.524 0.000757 CN2 
















4-Jun-01 7187 21.0 0.557 0.000317 CNI 
4-Jun-01 11301 21.2 0.547 0.00041 CNI 
4-Jun-01 15179 21.2 0.547 0.000477 CNI 
4-Jun-01 21607 21.3 0.543 0.000544 CNI 
4-Jun-01 27413 21.4 0.538 0.000618 CNI 
4-Jun-01 35015 21.5 0.533 0.000691 CNI 
4-Jun-01 41935 21.6 0.528 0.000758 CNI 
4-Jun-0 1 47955 21.7 0.524 0.00082 CNI 
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E. 1 Quadratic Constants for Test Length Pressure Gradient 
E. 1.1 Air-water Two-phase Tests 
Nominal 
Quality 
s2 Al. A0 
0.04 349.31 -11714 41416 
0.06 214.13 -11359 42155 
0.08 1.3885 -10559 42525 
0.1 -127.98 -9082.2 38460 
0.2 -79.121 -10659 44467 
0.4 0.6147 -9332.2 37613 
0.6 -249.7 -8723.8 38902 
0.8 -381.9 -8586.8 1 39684 
Table EA: Quadratic constants. 
E. 1.2 Air-glycerine Two-phase Tests 
Nominal 
Quality 
a2 al 20 
0.04 -1724.4 -59222 276691 
0.06 -2807.5 43078 225521 
0.08 -2393.3 40515 209516 
0.1 -3122.2 46528 247989 
02 -2785.8 46767 243426 
0.4 -3551 -45445 256239 
0.6 -3639.1 -38084 227859 
0.8 -4432 1 -24491 1 
183676 




a2 al so 
0.04 -689.59 -30719 149295 
0.06 -1018.7 -25681 121758 
0.08 -1370.6 -25439 127674 
0.1 -1290.3 -27042 134216 
0.2 -2671 -35544 211297 
0.4 459.93 -37265 169110 
0.6 -2294.9 -26094 150774 




Table E3: Quadratic constants for 200 mPas. 
Nomin2l 
Quality 
a2 al sko 
0.04 463.84 -15085 69091 
0.06 -1077.5 -10567 55112 
0.08 -675.58 -10976 54321 
0.1 -597.8 -12570 61454 
01 -516.56 -16089 67650 
0.4 -888.28 -20418 101233 
0.6 -1500 -20771 113787 
0.8 -1713.5 -20965 119312 
Table EA Quadratic constants for 50 mPas. 
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